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IXTRODl'CTIOX 

An understanding of Aineba is conunonh" considered funda- 
mental for an explanation of the phenomena of life. Among 
the earlier investigators, Bert hold states this very appropriately 
('SO, p. 1). He says, ‘‘Je mehr es der Forschung in den letzten 
Jahrzehnten gelang. tiefer in die Probleme der biologischen 
Wissenschaften einzudringen, um so klarer hat es sich gezeigt, 
dass btst allc in letzter Instanz auf Protoplasmaprobleme zuriick- 

fiihren ]\Iit der einfachst organisirten Ainoba und 

ihren Lebenserscheinungen sind a lie fundanientalen Probleme 
des Lebens schou gegeben und ein tieferes Eindringen in die 
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allgemeine Lebensmochanik eines hbheren Organismus ist iiicht 
moglich, so lang uns die der Amoba noch unverstandlich ist.” 

The fact that many incompatible theories are still held as to 
the nature and cause of the activities of Ameba shows the great 
need for more complete knowledge of the objective facts as to 
this organism. A brief review of such theories will suffice in 
order to appreciate the situation as it has existed and still exists 
with regard to Ameba and its locomotion. Among the earlier 
workers Briicke (T)2), Schultze (’63), Kiihne (’64), and others 
were of the opinion that protoplasm has some sort of contractile 
substance, and later Jennings (’04) and Dellinger (’06) adduced 
experimental data to show more particularly the nature and 
character of contractile phenomena in Ameba. But Berthold 
(’86) in contrast to the above, was led through the investigations 
of Quincke and others on liquids, to study in detail phenomena 
in Ameba comparable to those found in liquids and to ascertain 
the amount of coincidence between them. This method of 
attack promised much, and as a result of his observations he 
says (p. 8): ‘‘Die Krafte der Adhasion and Cohiision, mit ihrem 
durch die Umstande bedingten stetigen Weehsei der Intensitiit 
sind es also, welche im Frotoplasma den Zusammenhang zwischen 
Stoff und Form, zwischen Stoffwechsel uiid Formwechsel ver- 
mitteln.” He held also tliat the extension and retraction of 
pseudopods depend upon the composition of the surrounding 
medium, and that for every change in the surrounding medium 
there is a corresponding \ariation in tlie forces controlling the 
form and the mo\'ement of the amebas. Accordingly he .says 
(p. 102): ^’Nach der vorstehend entwickelten Auffassung ist 
also die Ausbreitung des Aniobenkorpers und die Bildung tier 
Pseudo podien kein activer, sondern ein passiver Vorgang, die 
Pseudopodien werden ausgezogcn, nicht ausgestreckt.” 

The work of l^erthold served as a background for another 
theory of ameboid movement which has become one of those 
most widely held,— the surface tension theory. The chief 
exponents of this theory, Butschli (’92) and Rhumbler (’98, ’05), 
however, do not agree to any large extent with Berthold. They 
contend that Ameba is a complex fluid which moves about as 
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a result of local changes in surface tension, but does not spread 
on solids or adhere to them in the way Berthold described. 
This theory has been held very widely since its formulation and 
even now has its supporters, although data have steadily ac- 
cumulated which tend to make it less tenable. For example, 
Mast and Root in their observations on some feeding reactions 
in Ameba, found by indirect measurements that if the move- 
ment in certain processes of feeding is due to a change in surface 
tension, it requires to perform the work involved, a reduction 
in surface tension of at least 383 dynes per centimeter. They 
say (^16, p. 48): ^‘To account for the process [of cutting para- 
mecia in two] on the basis of the surface tension theory, the 
sui’face tension of the amebae would have to be, at the very 
least, much higher than 383 dynes per centimeter and in all 
probability considerably higher than 1118 dynes per centi- 
meter. The surface tension of protoplasm is, however, only 
approximately 50 dynes per centimeter. Jt is therefore prob- 
ably at best an insignificant factor in the process of feeding 
in Ameba.'’ 

Hyman (T7) agrees substantially with Jennings, Dellinger, 
Mast and Root, and others who hold that the surface tension 
theory is inadequate to explain ameboid activity. She holds 
with R humbler ('10, '14) that ameboid movement must be due 
to alterations of the colloidal state, and that liquefaction or 
sola t ion is the cause of the extension of a pseiulopod and coagula- 
tion or gelation of the withdrawal of pseudopods and of active 
contraction. The li(piefaction she believes to be brought 
about by a metabolic change contingent upon a metabolic 
gradient which arises in the ameba before the pseudopod appears. 

Schaeffer (’20, p. 7) restates his earlier contention that the 
mechanism controlling locomotion and feeding is internal and 
that Rhumbler's statement to the eiTect that changes in behavior 
are directly deducible from the action of stimuli in effecting 
liquefaction or gelation of the ectoplasm does not hold in many 
cases of feeding. He maintains that ectoplasm is continually 
formed from endoplasm at the anterior end and the reverse at 
the posterior end and he says (p. 142): “One of these special 
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aspects of streaming in amebas is the formation of ectoplasm. 
For ectoplasm formation is not essential to streaming. But 
it is almost certainly essential to locomotion, for locomotion 
has not been observed in amebas where ectoplasm was not 
formed. But, on the other hand, ectoplasm, as known in the 
amebas, is not formed without streaming Stream- 

ing is therefore the fundamental process in ameboid locomotion.” 

He also postulates a third layer which he contends (p. 74) 
from ‘^all the evidence available, both direct and indirect, points 
to the conclusion that the behavior of the surface layer on the 
ameba resembles in general and in detail the behavior of the 
surface tension layer in an inert drop of fluid, and that we must 
regard the surface layer on the ameba as a true surface tension 
layer. This layer is therefore a dynamic layer, containing free 
energy, and capable of performing work. It is physiologically 
distinct from ectoplasm as ectoplasm is distinct physiologically 

from endoplasm ” He says further (p. 142) : “From 

the point of view of ameboid movement, the discovery of 
the surface film narrows down the problem very considerably 
. . . . it shows clearly that the regions where ectoplasm 

is most rapidly formed is also the region where the superficial 
tension is increased.” 

From this brief review^ it is clear that no theory as yet ad- 
vanced has received general acceptance as accounting for the 
activities of Ameba. Further knowledge of the concrete facts 
is required. The writer, therefore, undertook this investigation 
primarily with a view to determining precisely what reactions 
result from local changes in the surface of Ameba induced by 
chemicals under strictly localized conditions in a medium whose 
constitution is accurately known. Such experimentation should 
reveal something concerning the nature of the local changes at 
the surface and the probable role played by these in the phe- 
nomenon of ameboid movement. In a second paper, data will 
be set forth concerning the effect on movement and other proc- 
esses of total immersion in various solutions. 

This investigation was undertaken at the suggestion of Prof. 
S. 0, Mast, under whose direction its outline was made, the 
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instrument used in applying the various chemicals perfected, 
and the manuscript prepared. The writer thanks Professor 
Mast very heartily for his assistance. He is likewise indebted 
to Professor Jennings for friendly criticism in revising the manu- 
script. 

Grateful acknowledgment is hereby made also for the as- 
sistance in the preparation of solutions and in many other ways 
to Dr. J. Fitch King, Mr. Charles E. Bills and Dr. Leslie C, 
Beard. Their extensive knowledge of chemistry has been 
available to him at all times during the investigation. 

MATERIAL AND METHODS 

The amebas used in the following experiments coiTespond in 
every way with Schaeffer's (’20, p. 37) description of Ameba 
proteus, except that the nucleus is biconcave. They were 
obtained originally from a stream in the \dcinity of Baltimore 
and transferred to cultures previously prepared as follows: 
Distilled water, 100 cc., and finely chopped raw timothy hay 
0.25 to 0.5 gm., were put into flat finger-bowls 10 cm. in di- 
ameter and 5 cm. deep and allowed to stand for two or three 
days, after which it was inoculated with amebas. In other 
instances, if the hay and water solution seemed too strong, it 
was again diluted by one-half or one-third, as the situation 
seemed to warrant. At the end of every four or more weeks, 
about half the culture fluid was siphoned off and fresh hay 
and water added in the proportions stated above. In this way, 
amebas were kept in a flourishing condition for more than two 
years. 

For eacli experiment, the amebas with a few drops of culture 
fluid were taken from a culture dish and put for ten minutes or 
less into 100 cc. distilled water and then transferred to a second 
and later to a third dish containing 10 cc. distilled water, where 
they were left for five minutes in each instance. They were 
then carefully aggregated at the center of the dish by using a 
fine glass needle and removed in a capillary pipette with the 
least possible amount of water and placed in a small watch- 
glass containing N,500 KCl, after which various chemicals 
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were applied locally as indicated below. In some experiments 
they were not put into KCl. Wherever this occurred it is so 
stated in the experiment. In KCl, N /500, for 8 or more hours, 
Ameba travels continuously and preserves a monopodal form. 
Neither this salt nor this concentration is the only one in which 
Ameba travels continuously and monopodally, but this salt 
was first found to be satisfactory and hence was used. The 
necessity for using any salt solution arose from the fact that when 
allowed to remain in distilled water they do not travel ap> 
preeiably and their form is not suitable for local application. 
The writer believes he has been enabled to obtain more ac- 
curate observations by using the above salt since the form of 
Ameba in it is consistently monopodal, and therefore any change 
in the direction of locomotion through the extension of pseudo- 
pods or otherwise can be more carefully noted. 

All observations were made under a Leitz binocular micro- 
scope, to which was attached a device similar in principle to the 
Barber pipette-holder (fig. 1). 

Local stimulation was effected by bringing the tip of a capil- 
lary pipette containing the chemical desired close to but not 
in contact with the ameba and allowing the chemical to diffuse 
therefrom. For the details of the manner in which the pipette 
was held in position and made maiiipulable see figure 1 . 

The pipettes used in the experiments were of Jena ghi.ss. The 
size of the lumen at the tip (usually about lo to 20/i in diameter) 
was ascertained by putting the tip under water and observing 
the size of bubbles produced. After some practice, pipettes 
were readily made with apertures which (‘overed only a ^’er^' 
small portion of the surface of an ameba. The pipette used 
was filled with the solution desired by inserting into it a second 
slender pipette and ejecting the solution, and then after remov- 
ing the second pipette, forcing the solution to the tip by means 
of a strong rubber bulb attached to its base. 

A control pipette W’as employed from time to time during 
the experiments. This contained in each experiment a solu- 
tion identical with that in which the amebas were when the 
chemical tested was applied. 
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Fig. 1 rholograph i)f mechanism for lidding the capillary used in the local 
application of chemicjils to Aincba. 
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The capillary portion of the pipette was broken off, the pipette 
washed and redrawn after using each reagent or a different 
concentration of the same reagent. 

The chemicals used were in all cases the purest available. 
These consisted of certain acids, hydroxides, salts, alkaloids 
and non-electrolytes. 

OBSERVATIONS AND RESULTS 
1. Acids 

The effect of hydrochloric, nitric, sulphuric, hydrocyanic, 
oxalic, and carbonic acids was ascertained. Of these, hydro- 
chloric and oxalic were used most extensively and in concentra- 
tions of N/1, N/5, N/500, N/TOOO, N/2000, N/3000, N/4000, 
N 5000, N/10,000, N/15,000, N/20,000, N/30,000. Hydrocy- 
anic was also used extensively, but in a more limited range of 
concentration (N/lOO to N/'500). 

The usual method of procedure with any given reagent was 
to allow it to diffuse from a distance of about 40/^ against the 
surface of the ameba at two or three different points at the 
anterior end, along the sides, and at the posterior end. 

The response to acids in general consists of a local movement 
of the protoplasm toward the pipette in the form of a projection. 
This projection varies from a small protuberance formed im- 
mediately and very eruptively in high concentrations (N/1 to 
N/500), to a small and slender one formed gradually in low 
concentrations. The following descriptions with diagrams of 
the reactions which are in a general way typical of all the acids 
used, will illustrate their obvious character. In the application 
of HCI, N/ 1, to the advancing anterior tip of an ameba, there 
is almost immediately an eruptive forward flow followed by 
cessation and reversal of streaming. A pseudopod^ then forms 
either at the posterior end or laterally (fig. 2; A, 1 and 2) . When 
the stimulus is given laterally, the positive response, consisting 
in the formation of a protuberance at the point stimulated, is 

^ The use of the word pscudopod to indicate the protuberances formed when 
chemicals are applied locally to Ameba, signifies nothing concerning a possible 
comparison between such protuberances and the real pseudopods that are formed 
in normal locomotion. 
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quickly followed (usually) by the extension of a pseudopod 
directly opposite the region stimulated (fig. 2; 3). 

In concentrations of N;500, X/1000; N/loOO; etc., the re- 
sponse consists in the formation of a small and slender pseudopod 
which, however, rarely persists. Frequently the initial positive 
response is follow'ed within a few^ seconds by a branching of the 
pseudopod w'hich w^as formed in response to stimulation. These 
branches extend on either side of the pipette and curve toward 
it (fig. 2; B, 1). In these lower concentrations the response is 



2 Sketches illustrating reactions of Ainoba to local application of HCL 
Boli<l arrows, point stimulated; broken arrows, vlirection of protoplasmic stream- 
ing; broken lines a, b, c, etc., successive outlines of protuberances formed in reac- 
tion. A, N/l HClwith Amcba in X uOO KC\, B, N 2000 llCl with Ameba in 
N/500 KCd. C, N/ 10,000 HCl with Ameba in N tOOO KOH. 
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not SO immediate or so eruptive as in the higher ones. In a 
few instances when N 20,000 HCi was applied at various points 
over the surface of the anterior half the pseudopod initiated 
persisted. If it is applied about half-way between anterior 
and posterior ends, frequently an overarching shelf of proto- 
plasm is formed, the arch being highest at the point directly 
in front of tlie pipette (fig. 2; B, 2). This soon disappears as 
locomotion continues. If the pipette is allowed to remain at 
the anterior end of an advancing pseudopod, the branches which 
arise and extend on either side of the pipette are occasionally 
further supplemented by delicate hyaline pseudopods which 
arise at tlie base of the two branches and extend upward and 
forward and downward becoming united with each other and 
with the first two branches by means of a sheet of ectoplasm 
which flows forward from between them. In concentrations 
lower than X 20,000 the response is very .slight if there is any. 

Influence of medium, \\lien H('l, X fiOOO or X 10,000 is 
applied to specimens in X"aCl, X"/o00, instead of KCl, X/500, 
the response, if the acid is applied within the first two or more 
hours, consists in the extension of a finger-like protuberance 
toward the capillary. Some of these protuberances persist 
for a minute or more and resemble in their formation normal 
pseudopods. This is conditioned by the extreme dilution of 
the acid as well as the sodium cliloride medium in which the 
amebas are when the acid is applied. The sui'face seems to be 
continuously modified favorable to the further extension of the 
l)r()tuberance by the application of the acid when the applica- 
tion does not exceed 50 seconds. After 50 seconds or less tlie 
reverse of the above process occurs and the protuberance is 
withdrawn even though diffusion of the acid continue. Amebas 
that have been immersed in X^aC], X’/500, for 18 or more hours 
I’espond to the above concentrations of acid by a contraction of 
the ectoplasm at the point of application and the extension of a 
protuberance away from the diffusing acid. 

When the above concentrations of acid are ajiplied to speci- 
mens in KOH, X/4000, a slight protuberance is formed at the 
point of application followed by the extension of one or more 
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pseudopods on either side of the pipette. These curve toward 
the tip of the pipette and a third pseudopod half-way between 
the first two ai'ises and advances directly toward the tip of 
the pipette. The ti]is of the 3 pseudopods meet and a thin 
sheet of ectoplasm flows forward from their bases forming a 
protoplasmic cup (fig. 2; C, 1 and 2). Vibration of the pipette 
serves to widen and extend the bay formed by these pseudopods. 
The above happens when the pipette is allowed to remain after 
the response has been initiated. If it is removed as soon as 
the response is initiated, the protoplasmic cup is only partly 
formed and the ameba soon reassumes the spherical or radially 
lobose form which characterizes it when immersed in a basic 
solution. Tlie response obtained by applying very dilute acids 
to amebas in a basic solution is strikingly similar to that 
obser\'able wlien some cilia te protozoon comes to rest against 
the surface of an ameba, i.e., a bay is formed in which the pro- 
tozoon is subsequently often caught by the coming together of 
the tips of the encircling pseudopods and the advance of an 
overarching wave of ectoplasm, from their bases. Inactive 
specimens when stimulated for only a few seconds usually put 
forth slight pseudopods on cither side of the pipette. These 
do not unite to form the protoplasmic cup which is formed if 
the jiipette is allowed to remain for a longer period, but unite 
in a common pseudo])od which extends to eonsidernblc length 
and is then withdrawn (fig, 2; C, 2a). 

If the acid is apidied half-way between the anterior and pos- 
terior ends of such specimens as remain extended and are very 
slowly active, a convex overarching shelf of protoplasm is formed 
in the region stimulated and tite two ends are drawn together 
somewhat so that the ameba appears crescent-shaped. 

2, Bases 

Tlie effects of sodium, potassium, and ammonium hydroxide 
were ascerttiined. Of these sodium and potassium do not differ 
in effect in any important respect. If X 1, XaOH or KOH is 
applied at any point on the surface of Ameba tliere is an im- 
mediate ni])ture of the ectojdasm at that point (fig. 3: A, la), 
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through which the endoplasm flows until nearly all of it has 
passed into the surrounding niediuni. Nothing remains except 
a few crystals which adhere to the inner surface of the ecto- 
plasmic sheath. The pipette was frequently not allowed to 
remain after the niptiire of the ectoplasm, but in no instance 
did cytolysis stop unless the specimen was quickly moved to a 
different part of the dish after the reagent was applied and then 
it stopped only occasionally. After the nucleus had been ejected, 
cytol3'sis more frequently continued until complete; but, if the 
rupture temporaril}^ closed, the specimen underwent inter- 
mittenth' a slow cytolysis during wliich a few granules were 
discharged. If c^dolj'sis was stopped before the nucleus was 
discharged, the specimen soon became normal, d'he ruptured 
place could at an\" time be closed b}" applying acid either normal 
or more dilute without moving the specimen from the position 
in which the NaOH had been applied. In figure .3; A, lb and Ic 
is shown the coagulated mass of endoplasm caused b}' appl}dng 
quickly N/l, HCl and the ininiediute closure of the ruptured 
place. 

When N/5 KOH or XaOH is applied at the anterior end of an 
ameba in N/oOO KCl, there is an immediate momentary ces- 
sation in streaming, then the protoplasm flows rapidly forward 
dividing into small lobes after which streaming stops for a 
moment and is diverted into a recently initiated lateral pseudo- 
pod (fig. 3; A, 2j. This pseudopod persists and streaming con- 
tinues obliquely forward, or at right angles to the original direc- 
tion of locomotion. When the stimulus is applied laterally, 
the response is slightly delayed as compared with that given at 
the anterior end. The ectoplasm flows forward in a broad 
hyaline wave extending almost from anterior to posterior ends; 
then the endoplasm flows into this clear area in the form of 

Fig. 3 Sketches illustrating reactions of Arne ha to local apj^Iicution of KOH 
and XaOH. Symbols same as in figure 2. 

A, la, lb, Ic, X'/l XaOII with Ameba in KCl X/500 or culture fluitl. 

A, 2, 3, X/5 XaOH with Ameba in KCl X'/oOO. 

ly X/KXJ, N/500, X/IOOO KOH with Ameba in KCl, N/500. 

C, X/2000 KOH with Ameba in culture fluid. 
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three pyramidal cones (fig. 3; A, 3). The original position of the 
endoplasm remains unchanged for 15 to 20 seconds, and since 
streaming usually is resumed in the original direction or in one 
opposite to that from which the reagent is applied, the main 
body of the endoplasm remains in its first position. After this 
sheet of ectoplasm forms there is no further res})onse at this point. 

The ectoplasm tends to stay for some time considerably sepa- 
rated from the endoplasmic inclusions in the stimulated region. 
When the stimulus is applied near the posterior end, the re- 
sponse consists of a small protuberance and the direction of 
locomotion is but slightly affected, thene is no appreciable re- 
sponse when the stimulus is applied directly at the posteiior 
end. IHien the reagent is applied at the anterior end in u'eaher 
concentrations (N/lOO, X/500, X, 1000) streaming continues 
forw-ard a few seconds, followed by a cessation of streaming and 
of ectoplasmic advance at the point stimulated, but streaming 
continuing from the posterior end, causes the endoj}lasm to 
accumulate at the anterior end and to distend it. A small 
lateral pseudopod arises alternately or simultaneously on either 
side of the bulb-like anterior end into one of which streaming is 
continued (fig. 3; B, 1). If the active branch of a slightly dipodal 
ameba is stimulated in the same way as a monopodal one, the 
initial positive response is followed by a reversal of streaming 
into the inactive branch; or, in case streaming is active in both 
branches, there is a slight acceleration of streaming in the stim- 
ulated branch after which this branch is withdrawn and 
streaming continues in the other branch. 

Lateral stimulation induces near the anterior end the extension 
of a blunt, short pseudopod. T^sually another pseudopod arises 
at right angles to this one and parallel to tlie first direction of 
locomotion (fig. 3; B, 2). The response consists in a slight 
ectoplasmic advance when the stimulus is applied along the 
posterior lateral half, but it has no apparent effect on either 
rate or direction of locomotion and the protrusion formed soon 
disappears (fig. 3, B, 3). Here again the response is greatest 
at the anterior end and decreases progressively the nearer the 
posterior end is approached. 
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Influence of medium. Jf the ainebas are in culture fluid 
diluted one-half with distilled water in place of KCl, N/oOO, 
and N/2000 KOH is applied directly in front of the advancing 
pseudopod, its tip enlarges into a bulb-like shape after which a 
concavity arises and two pscudopods arc extended on either side 
of the pipette. These two again fork so that four or more small 
pseudopods arise (fig. 3; C, 1, la). Streaming continues in 
one of these, usually in one of the last to be initiated, while the 
others are withdrawn. When stimulated immediately adjacent to 
the anterior end and the capillary is removed as soon as the 
response has begun, a pseudopod is extended which frequently 
persists and determines for a time the subsequent direction of 
locomotion ffig. 3; C, 2 and 3). If the pipette remains, the 
pseudopod which is put forth branches and in one of these 
branches streaming is continued. Stimulation near the posterior 
end is productive of only a very small protuberance (fig. 3; C. 4). 

If the pipette is lowered from above over the anterior portion 
of the ameba, the response consists in the formation of several 
slender pseudopods which extend directly and freely up into the 
water toward the capillary. In one of these, streaming con. 
timies until the i)seudopod has attained a certain length, then 
it curves downward and becomes attached to the siibstmtum 
(fig. 3: (^ o). 

If to the anterior end or the sides of amebas in X 10,000 HCl, 
X 4000 KOH is a])]>lied, streaming is directed in an opposite 
direction from the capillary through the formation of a pseudo- 
pod on the side directly oiqiosite the region stimulated. 

Ammonium hydroxide tiiffers markedly in its effect from the 
hydroxide of either sodimn or imtassium. When a normal 
solution of it is applied to specimens in culture fluid, the initial 
response occurs within two to three seconds and consists in a 
momentary complete cessation of streaming folloAved immediately 
by a violent movement forward after which mo^’ement and 
streaming stop and the specimen assumes a pear-shaped ap- 
pearance (fig. 4, lb). In a few experiments, a conspicuous hya- 
line area appeared at the anterior tip. This persisted for five 
or more minutes during which regular contractions and expan- 
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sions occurred from posterior to anterior end, but the line be- 
tween the hyaline area and the endoplasmic granules behind it 
remained constant (fig. 4, Ic). The ectoplasmic area during 
these expansions and contractions was shifted from side to side 
and up and down as indicated in figure 4, Ic, b, b, a, a. The 
ectoplasmic membrane collapsed and distended with each change 
of the hyaline portion as it oscillated from side to side and up 
and down, i.e., the contour of the anterior tip was for an in- 
stant smooth as if stretched and for an instant collapsed and 
'wrinkled. Slight eddies occurred at the outer fringe of the 
endoplasmic granules as this clear area was sliifted from side 
to side and up and down. This phenomenon was manifested 
for five or more minutes after which the endoplasmic granules 
gradually filled up the clear region and simultaneously a clear 
area was seen around the posterior end. It appeared that 
there was a homogeneous solution of some kind enveloping the 
endoplasm so that there was seen a distinct hyaline area of in- 
creasing width from the anterior to the i)osterior end where it 
W'as most conspicuous (fig. 4; Id). This area gradually disap- 
peared as the ameba lost its blunt, club-shaped appearance 
and became more elongated and flattened. Either the endo- 
plasmic constituents become more evenly distributed throughout 
the hyaline area or there is loss of fluid from the cell with cor- 
responding loss in lurgidity, so that the ectoplasm is hardly to be 
distinguished from the endoplasm. Within twenty minutes, 
locomotion is slowly resumed. 

Lateral stimulation along the anterior half has much the 
same effect as it has at the anterior end except tliat no hyaline 
area develops. 

When N/lOO, NH 4 OH is applied at the anterior end, several 
eruptive advances occur, after which streaming is reversed and 
a pseudopod is formed laterally. In the case of lateral stimula- 
tion the response is positive and eruptive followed by the forma- 
tion of a pseudopod on the side opposite. If stimulated for one 
second the positive response is very slight, followed by a momen- 
tary pause in streaming but no change in the original direction 
of locomotion. 
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When concentrations of N/500, N/1000, N/2000 are used, 
there is no appreciable response. 

3. Salts 

(1) Ammonium chloride, sulphate and carbonate. There is a 
momentary pause when XH4CI, N 1, is applied at the anterior 
end of specimens in N 500 KGl, then the streaming continues 
toward the pipette. Jf the pipette is gradually moved in various 
directions, the advancing pseudopod also changes correspond- 
ingly (fig. 5; A, 1,2). Lateral application of this reagent induces 



Fig. 4 Sketches of a single ^specimen illustrating tlie reaction of Ameba toX 1 
NIIjOlI. Symbols as in hgure 2. For full explanation see text. 

the formation of a pseudopod which does not persist if the re- 
agent is allowed to diffuse for only 5 to 20 seconds, but does 
persist if it diffuses for longer periods (25 to 50 seconds') (fig. 5; 
A, 3). This is true when the reagent is applied at any point on 
its surface from the anterior to within a short distance of the 
posterior end. There is no appreciable response when the 
reagent is applied directly at the posterior end save in some in- 
stances when the pipette is kept continuously almost in contact 
with the posterior end for several minutes. Then within 1\ 
minutes streaming becomes slower: stops completely in about 
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two minutes; and at the end of three minutes the posterior end 
bulges outward at a spot slightly eccentrie to the point of ap- 
plication. If the pipette is now removed the original anterior 
end, in about a minute, becomes contracted and the bulge 
assumes the appearance of a newly formed pseudopod. As 
the new pseudopod is extended the original posterior end (seen 
like an excrescence) approaches nearer and nearer the original 
anterior tip which it reaches in about two minutes, after which 
the direction of locomotion is completely reversed (fig. 5; A, 
4 a, b, c, d). 

When N 100 or X/200 XH4CI is applied to specimens in cither 
X/oOO KCl as above, or in culture fluid diluted 50 per cent with 
distilled water, a pseudopod is extended directly toward the 
pipette. This usually persists. If these concentrations are 
also applied to specimens in XaCl, X/500, a pseudopod is ex- 
tended from a point on the side directly opposite to that at 
which the reagent was applied (fig. 5; B, 5, ()). This type of 
response increases in definiteness the longer the specimens 
have been in the XaCl solution. 

A\Tien (XH4)2 SO4, X I, is applied locally to Ameba in 
KCl, X/500, the response is similar to that obtained in the 
application of XHjCl to specimens in KCl, X 500, but when 
(XH4)2S04 is applied in molar concentration, at the anterior end 
or along the sides there is a violently eruptive advance of the 
protoplasm toAvard the pipette followed immediately by a re- 
versal of streaming and then several consecutive reversals so 
that the protoplasm seems to be churned up noAV at one point, 
now another. Within a few minutes streaming stops altogetlier. 
Wlien the reagent is applied at the posterior end a small pseudo- 
pod forms which occasionally persists. 

The response to XH4HCO3, X'/l, consists in the extension of 
a pseudopod directly opposite the area to which the reagent is 
applied (fig. 5; C, 7, 8). 

{2) Sodium chloride and a 7nixture of equal parts of N / 100 
sodium, nitrate, sodiim sulphate, and sodiiwi acetate. Wlien 
XaCl, X”/! or X/100, is applied to the anterior end or laterally 
the response in some instances consists in the extension of a 
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Fip;. 5 Skotchrs illustrating reactions of Aineba to local application of NH^Cl 
and NH4IICO3. Symbols as in figure 2, 

A, 1 to 5, X / 1 NH 4 CI with Ameba in KCl, X, 500. 

B, 5 and 6 , X /1 XH 4 CI with Ameba in NaCb X,, 500. 

C, 7, 8, X/1 XH 4 HCO 3 with Ameba in KCl, X/500. 
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pseudopod in a direction opposite to that in which the reagent 
is applied (fig. 6; A, 1,2). In others when the reagent is applied 
at the anterior end the endoplasm accumulates there so that the 
tip appears bulbous. Streaming is then resumed by the ex- 
tension of a pseudopod to one side of the pipette (fig. 0; B, 1), 
but parallel to the first direction of locomotion. When the 
reagent is applied laterally, the area stimulated contracts so 
that within a few seconds almost the entire lateral surface becomes 
the concave side of a crescent (fig. 6;B, 2). When the reagent 
is applied nearer the anterior end, the region of curvature does 
not extend so far as to affect the posterior half so that the specimen 
appears hook-shaped at the anterior end. The response to 
NaCl, X/150, is essentially similar to that obtained with N/lOO 
when the former is applied to specimens in KCl, N/500, but 
differs somewhat for specimens in culture fluid. In the latter 
instance when the reagent is applied at the anterior end there 
is a momentary pause in ectoplasmic advance and a slight 
accumulation of endoplasm there; after which a pseudopod is 
initiated M'hich frequently persists or, the original pseudopod 
may branch into two or more smaller pseudopods, in one of 
which streaming is continued (fig. 6; B, 3). When the reagent 
is applied laterally there is a momentary bulge at the point of 
application and then streaming is reversed, after which two or 
more small pseudopods arise on either side of the stimulated 
place and streaming is again reversed and two or more pseudo- 
pods arise at the anterior end (fig. 0; B, 4 a, a, b, c). There is 
then no further response. If the reagent is applied for twice 
as long a time as above, four or more pseudopods arise and the 
response is then the same as m the above. 

A mixture containing equal parts of sodium nitrate-sulphatc- 
acetate (N/lOO and N/400) was applied to specimens in culture 
fluid. The response with each concentration consisted in the 
extension of a small pseudopod toward the pipette at the point 
of application. 

(3) Potassium chloride and nitrate. When amebas are in 
KCl, N/500, and there is applied KCl, N/1 or N/lOO, a slight 
contraction of the ectoplasm occurs at the point of application 
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Fig. 0 Skotchos illustrating reactions of Amcba to local applications of NaCl 
and BaC.'b- Symbols us in figure 2. 

A , X 1 X a( ' 1 i t h Aine b a in K C b X/' 500 . 

B, 1, 2, XaC -1 X 100 Aiiieba in KCl N/500. 

B, 3, 4, XaCl, X/100 Ameba in culture fluid. 

C, X/100 BaCl; Ameba in culture fluid. 
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and a pseudopod forms on the opposite side. If, however, 
the amebas are in culture fluid, and KCI in the above-mentioned 
concentrations is applied, there is a small pseudopod put forth, 
but this persists for only a short time. 

If KNO 3 , N/300, is applied to specimens in HCI, N/10,000, 
a pseudopod is formed at right angles to the source of applica- 
tion, on either side if the reagent is applied at the anterior end, 
and on the opposite side if the reagent is applied laterally. 

(4) Rubidium nitrate. When RbNOs, N/lOO, is applied 
locally to specimens in culture fluid a small protuberance arises 
at the point of application followed very soon by a pseudopod 
which arises near it. The latter persists and determines the 
direction of locomotion. ^Mien it is ap]flied to specimens in 
NaCl, N/oOO, the response consists of a pseudopod formed in a 
direction away from the region \vhere the reagent was applied. 

{5) Barium, strojiiium, calcium, and 7uagnesium, chloride. 
These reagents, BaClo, SrCb, CaCb, and MgCb, X TOO, applied 
to specimens in culture fluid induce the formation of a small 
protuberance directly where the reagent is applied followed by 
the extension of several pseudo]3ods adjacent to this protu- 
berance (fig. 0; C, 1 and 2). These frequently curve toward the 
pipette and fuse together thus forming a protoplasmic cup. 

4 . Alkaloids 

The alkaloid salts, morphine and str^Thnine sulphate, quinine 
and papaverine hydrochloride, and the alkaloids, cocaine, 
strychnine, and quinine were used. l\Ior]:)hine and strychnine 
sulphate, cocaine and strychnine were used in 1\I, 50 concen- 
trations; quinine in M/500 and papaverine hydrochloride in 
M/TOO and M/500. Quinine, quinine hydrochloride, and co- 
caine were applied to specimens both in culture fluid and in 
KCI solution; the others only to specimens in KCI. 

Morphine and strychnine .sulphate when applied at any 
point on the anterior two-third.s of the surface of Mneba cause 
streaming to be diverted in some other direction and in general 
in an opposite direction from the pipette (fig. 7; lb, 2). Papa- 
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verine hydrochloride causes a cessation in ectoplasmic advance 
during which the endoplasm piles up behind the region stimu- 
lated. Within thirty or more seconds a pseudopod forms in a 
direction away from the pipette (fig. 7;B, 1, 2). Quinine and 
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Fig. 7 Sketches illustrating reactions of Ameha to local applications of alka- 
loids. Symbols as in figure 2. 

A, M/50 morphine and strychnine sulphate with Ameba in KCl, N, 500 and in 
culture fluid. 

B, M/100 and M/500 papaverine hydrochloride with Ameba in KCl, N 500. 

C, M/5() cocaine and M, 500 quinine wi(h Ameba in KCl, X 500. 
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quinine hydrochloride and cocaine cause the protoplasm to 
flow away from the pipette when they are applied to specimens 
in culture fluid in a \^■ay comparable to that sketched in figure 
fi; A, etc. Quinine and cocaine when applied to specimens in 
KCIj N/oOO, induce a flowing of the protoplasm toward the 
pipette. This does not result in the formation of a pseudopod 
and the original direction of streaming is usually maintained 
(fig. 7; C). 

0 , Non-eJecirolytes 

If to aniebas in IvCl, X /500, there is applied M/5 sucrose 
(cane sugar) to any point on the anterior two-thirds of the sur- 
face, no appreciable response occurs until about ten seconds 
have passed then streaming is suddenly reversed and pseudopods 
are formed successively in almost every direction (fig. 8; la, lb, 
Ic, Id, le, If). Antero-posterior differentiation is obscured for 
foity or more minutes, then the specimen assumes gradually a 
more normal appearance until within 1^ hours it appears as it 
did before the sugar was applied. The response to M /oOO sugar 
is less pronounced and is usually indicated by a single reversal 
in streaming and the formation of a pseudopod near the posterior 
end when the sugar is applied at the anterior end, and by the 
formation or a pseudopcd on the opposite side with or without 
reversal of streaming when the sugar is applied at the sides. 

If methyl, ethyl or propyl alcohol in concentrations of 95 per 
cent and 50 per cent, is applied at any point on the surface of 
aniebas in KCl, N /oOO, a hyaline blister is foi'ined at the point 
of application, into which frequently a few en(Io])Iasmic granules 
flow (fig. 9; 1, 2, 3). The direction of streaming then is usually 
changed to one opposite that taken originally. The blisier is 
resorbed. In lower concentrations when the application is at 
the anterior end, streaming is reversed, but no blister is formed 
and when the application is at the sides, streaming is (liveried 
from its original direction by the formation of a pseudopod on 
the side opposite the point of application. 

Methyl alcohol (95 and 50 per cent) induces the formation 
of blisters more readily than either ethyl or propyl alcohol when 
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used in the same concentrations and applied to specimens in 
KCl, N/500. None of the alcohols mentioned produces these 
results when applied to specimens in culture fluid, blisters are 
not formed and streaming is not reversed but one or more pseudo- 
pods are put forth which persist so that streaming is continued 
in a direction toward the source of stimulation (fig. 9; , A, 4,5,0). 



lug. 8 8k('tchos of :i single spcoitncn illustrating reactions of Aineba to M,5 
cane-sugar with Arne ha in KCl. X 500. Symbols as in figure 2 . 


Methyl alcohtfl 20 per cent, ethyl alcohol 10 per cent, and propyl 
alcohol 5 ]ier cent when applied to specimens in KCl, N 500, 
cause streaming to be diverted away from the source of stimiila- 
tiou through the formation of a pscudopod (fig. 9; B, 1, 2) but 
no blister is formed. 


(). Potassium cyanide 

If potassium cyanide, N 100, N 500, N 1000, is applied to 
specimens in culture fluid either at the anterior end or laterally 
the protoplasm flows toward the pijiette for a brief moment 
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ig. 9 Sketches illustrating reactions of Aracba to local application of alcohol. 
Symbols as in figure 2. 

A, Methyl and ethyl alcohol, 95 per cent and 50 per cent, 1 to 4 with Ameba in 
KCl, X/500; 4, o, 6, with Ameba in culture fluid. 

B, Methyl, alcohol 20 per cent, ethyl alcohol 10 per cent, and propyl alcohol 5 
per cent, with Ameba in KCI, N/500. 
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after which it flows in some other direction away from the 
pipette (fig. 10; A, 1, 2). The response is similar to that given 
when either sodium or potassium hydroxide is used as the reagent. 
When, however, KCN, N/lOO, is made, neutral by the addition 
of HCN with phenolphthalein as indicator, the response con- 
sists in an immediate and vigorous flowing away of the proto- 
plasm from the pipette (fig. 10; B, la, lb; 2a, 2b). 



Fig. 10 Sketches illustrating reactions of Aineba to local application of KCX. 
Symbols as in figure 2. 

A, N / 1 00 KC' X ^v it !i .Vmeb a in K( ' 1 , X 5(K) . 

n, X/lOO KCX made neutral with HCX,— Amoba in KCl, X 500. 
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7. The leucohase of methylene blue- 

The leucobase of methylene blue was used in order to compare 
the effect of the removal of oxygen locally from the surface of 
Ameba with that obtained by using potassium cyanide, which is 
believed by some to inhibit oxidation; and with that obtained 
.by using hydrogen peroxide which is a well known oxidizing 
agent. After the leucobase is oxidized to the dye, it has no 
visible effect on Ameba. The change from the leucobase to the 
dye is brought about by the addition of oxygen to the hydrogen 
in the molecule of the leucobase thus : 

CifiH.oNsSCL+O ^ Cl 

leacobase < methylene blue 

The leucobase in solution is light green in color and each 
stage in oxidation is indicated by an increase in blueness until 
at complete oxidation it is the color of the well known non- 
toxic and physiologically neutral dye methylene blue. WTen 
it is applied to Ameba, presumabl}" the oxygen it absorbs, re- 
duces the oxygen pressure at the point of application and there- 
fore it is to be expected that any effect resulting from its applica- 
tion must be owing to a reduction of oxygen pressure. 

The leucobase was used in various stages of oxidation. In the 
first and least oxidized stage the most pronounced effect is 
obtained. ^\Tien this is applied at the anterior end, there is a 
cessation of ectoplasmic advance followed immediately by a 
reversal of streaming. The ectoplasm becomes rapidly bluish 
and contracts and the endoplasm becomes heaped at the posterior 
end. Then streaming is again reversed and the endoplasm piles 
up at the anterior end for a few seconds; then returns to the 
posterior end, where a pseudopod is formed to one side of the 
posterior folds extending obliquely backward (fig. 11; A, la, 

^ The leucobase of inetliylene blue and of malachite green was prepared especi- 
ally for the writer by L. M. Hussey, Dept. Biochem. Hes., The llarmcr Labora- 
tories Co,, Lansdowne, Pa. Only the leucobase of methylene blue could be used 
in the present investigation. The writer is very grateful to the Harmer Labora- 
tories Co. in general, and to Mr. Hussey in particular, for the very great courtesy 
and interest shown in the preparation of the above-mentioned leucobases. 
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Fig. II Sketches illustrating reactions of Amcba to local application of the 
leucobase of methylene blue. Symbols us in figure 2. Stippled areas indicate 
how far the reagent spread by difTusiou and the amount of surface primaril} con- 
cerned in the reaction. 

A, a solution of the leucobase applied when but very slight ly oxidized. 

B, a solution of the leucobase applied when about three-fourths oxidized. 
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lb, Ic, Id, le). The original anterior end, now still quite 
blue, becomes slowly incorporated in the folds of the original 
posterior end as streaming continues in the new direction. 
Lateral application causes a contraction of the ectoplasm at the 
point applied and almost simultaneously one or more pseudopods 
are formed on the side opposite (fig. 11; A, 2a, 2b). Application 
at the posterior end seems to cause the endoplasm to flow for- 
ward faster than the ectoplasm can advance owing to a too rapid 
contraction of the ectoplasm at the posterior end, so that the 
specimen appears club-shaped. When the reagent diffuses over 
about one-sixth of the posterior end, the ectoplasm contracts, 
forcing the endoplasm forward until the anterior half is great 1}' 
distended and the posterior half has drawn together until it 
becomes filamentous (fig. 11; A, 3a, 3b, 3c, 3d). In some experi- 
ments the posterior half was covered by the leucobase. In 
these the response differs from the one just described in that 
the anterior end becomes more distinctly club-shaped and the 
specimen is detached from the substratum while fountain cur- 
rents are seen in the endoplasm. These currents continue for 
a minute or more, then the ameba is constricted into two or 
more segments after which the fountain currents continue. 
Within ten minutes the ameba becomes reattached and locomo- 
tion continues normally. The appearance just described is 
seen elsewhere only in specimens immersed in an acid. It nearly 
always precedes death caused by acids. 

If the leucobase is about three-fourths oxidized when it is 
applied to any point on the surface of the anterior half of the 
ameba, it causes the formation of a concavity at the point of 
application. Then two or more pseudopods are extended on 
either side of the pipette. These cur\^e toward the pipette, meet 
each other and fuse. A sheet of ecto[)lasm spreads between these 
two from above so that a protoplasmic cup is formed (fig. 11; 
B, la, lb, 2). When the posterior end is stimulated there is a 
slight contraction at this end and a corresponding enlargement of 
the anterior end. Sometimes a lateral pseudopod arises seemingly 
in compensation for the inability of the processes at the anterior 
end to meet the pressure from behind, i.e., the ectoplasm does 
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not seem capable of extension beyond a certain point at any one 
local area, so that if the processes at the posterior end are accel- 
erated without corresponding acceleration at the anterior end, 
more than one pscudopod develops. Stimulation laterally near 
the posterior end causes the anterior end to cur\ e tow ard the 
pipette thus forming a crescent. Since streaming does not seem 
to be affec'ted, the ameba begins to move in a sort of spiral 
wdth the anterior tip cuiwing more and more toward the pos- 
terior. After each successive change in curvature a small hyalo- 
plasmic pit is formed slightly anterior to the middle region and 
on the inside of the crescent, ^^hen the region of bending 
changes, the endoplasmic granules fall into this clear, pit -like 
area (fig. 10; B, 3a). This process is repeated with each suc- 
cessive change in advance, it remains this way for 3 or more 
minutes during which there is little streaming. Within S to 10 
minutes it falls over and reattaches (fig. 11; B, 3c). The stimulated 
area, at first blue, becomes no longer distingui.^hable as such, 
ow'ing to the diffusion of the color over the entire specimen. The 
color changes slowdy to lavender and finally disappears altogether 
at the time tlie specimen resumes normal locomotion. 

<5. Hydrogen peroxide 

Hydrogen peroxide, as is well knowm, is an oxidizing agent 
and one wdiicli therefore w'ould be expected to affect. Ameba 
quite differently from a reducing agent like the leucobase of 
methylene blue. Accordingly M 100, IT20o, was applied to 
specimens in culture fluid and in KCl, N 500. WTien it is 
applied at the anterior end streaming stops within 5 seconds. 
Within 10 seconds there is a reversal of streaming and a pseudo- 
pod then forms either at the posterior end, or along the upper 
surface, so that it extends up into the solution 12; 1 a. b, c, 
d). In some instances specimens remain elongated and motion- 
less for several minutes without the formation of any pseudo- 
pods; in others, two parallel endoplasmic currents meet each 
other at the anterior end and pass inward and backward, i.e., 
just the opposite of the fountain ciuTents described above. 
J.ateral application induces the formation of a pseudopod on 



32 


J. GRAHAM EDWARDS 


the opposite side; or a reversal in streaming, after which the 
aineba becomes detached and greatly elongated (fig, 12; 2 a, b). 
There is no contraction or expansion at the point where the 
reagent is applied. Application at the posterior end is without 
effect unless the reagent is used undiluted, in which case a clear 
hyaline area develops between the ecto- and endoplasm at the 
point applied. This clear area then extends uniformly around 
the specimen so that it appears cylindrical with a conspicuous 
hyaline area between ecto- and endoplasm. Within 15 to 20 
minutes this clear margin disappears, but the ameba remains 
unattached and practically inactive for several hours. All 
amebas to which H 2 O 2 was applied, tend within a few minutes 
after the application, to become inactive and sausage-shaped. 

GEXERAE PRESEXTATIOX OF RESLXTS 

Of the responses induced by chemicals differing visibly from 
those manifest in the normal extension and withdrawal of 
pseudopods, the following should be noted: In the response to 
acids (particularly at the anterior end) the protuberance or 
pseudopod initiated is extended eruptively as though some 
pressure at the posterior end were causing the ectoplasm to 
distend in excess of that normally observable. If the acid is 
strong, N/10 to N/lOO, the response is frequently limited to the 
formation of a protuberance, after which further expansion is 
seemingly limited by a hardening or gelation of the surface. 
The eruptive character becomes less pronounced with low con- 
centration of the acid, but it never entirely disappears. In 
the responses of Ameba to neutral potassium cyanide and the 
leucobase of methylene blue the ectoplasmic area stimulated 
visibly contracts before a pseudopod is initiated on the opposite 
side, or away from the source of stimulation. The place or 
origin of this pseudopod seems determined somehow by the 
contraction. 

The concentration of any chemical used in this investigation 
rarely seems to affect the essential character of the response. 
Alcohol in high concentration is perhaps an exception, in which 
case a blister forms at the stimulated area which resembles 
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neither a protuberance nor a pseudopod such as is put forth, 
for instance, in the application of acids. If the response con- 
sists in the formation of a protuberance away from the diffusing 
reagent in a given concentration, this is found to be true of all 
concentrations in which any response is given. The difference 
in response to different concentrations of the same chemical 
is one of degree, not of kind, i.e., a protuberance is not extended 
toward the pipette in one concentration and away from it in 
another. The response varies in magnitude depending on the 
concentration, but is not essentially different. Different re- 
sponses are obtained to the same chemical by using different 
media. 



12 Sketchos illusitriitin}? reactions of Atneba to local application of hydro- 
gen peroxide N TOO. Symbols as in figure 2, 


The visible effects of chemicals on Ameba are obviously those 
which are observable either in the extension of a ]iseudopod to- 
wai’d or away from the diffusing chemical. Some of these are 
tem])orary, others are of such permanence as to determine the 
subsetfuent diret^tion of locomotion. The exiension of a pseudo- 
pod away from the source of the tlift’using chemical is preceded 
in many instances by a visible contraevitm of the ectoplasm at 
the point of stimulation before the pseudo])od is initiated on the 
opposite side. Of these effects, only tliose manifest in the re- 
sponses which lead the entire organism to ^ra^'el toward or away 
from the source of stimulation are to be regarded as positive 
or negative respectively. 
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The following chemicals induce Aineba in the majority of 
the experiments to travel toward the source of their diffusion 
(positive responses) : 

Chemical Concent ration Medium 

XaCn or KOH N/2000 Culture fluid 

XH 4 CI, XH 4 SO 4 X 1 and X/100 Culture fluid and KCl 

Quinine and cocaine M 500, M 5>0, respective- KCl, X 500. 

ly 

The following chemicals induce Ameba in the majority of* 
the experiments to travel away from the source of their diffusion 
(negative responses) : 


Chcmictil 

Concentration 

Medium 

Acids 

X U X 500 

KC’l, X, 500 

IlCl;XHiCl, (XH4V;S04 
and CO 2 

X 1 to X KXK)- X/1 and 

X 100; saturated, re- 
spectively 

XaCl, X ,500 

XaCl; neutral KCX; 
methyl and ethyl alco- 
hol; leucobase of iiic- 
thylenc blue; and H-Oa 

X; i and X 100: X, 100; 
95, 50, 20 per cent vari- 
ously oxidised; and 

X 100, respectively 

KC'i, X .500 

Quinine and cocaine 

M 500 and M;50 respec- 
tively 

Culture fluid 

Quinine hydrochloride 

M 500 

Culture fluitl 

KXO 3 anci KOH 

X,.300 and X,'4000 re- 

HCl, X/ 10,000 


spectivcly 


The following chemicals cause the extension of a blunt or a 
finger-like protuberance toward the region stimulated: 


Chemical 

Concentration 

5 / edium 

HCl, HXOj, H 2 SO 4 , 

X; 1 to X, 20,000 

KCl, X/500, culture fluid 

HCX, CO;, and oxalic 
acid 

XaOH, KOH 

X, 100 to X/4000 

KCl, X/500, culture fluid 

XH 4 CI, (XHiUSO* 

X/l and X/100 

KCl, X/5()0, culture fluid 

XaCl, KCl, XH 4 CI, 

N/lOO 

Culture fluid 

(XIO.SO^, BaCU, 

SrCU, MgCh 

KCX (basic) 

X/l 00 and X/500 

KCl, X/500, culture fluid 

Quinine and cocaine 

M/500, M/50 respec- 

KCl, N/oOO 

(alkaloid) 

tively 


Methyl and ethyl alcohol 

50 per cent 

Culture fluid 

HCl 

X 710,000 

KOH, N/4000 


The following chemicals cause the extension of a blunt or a 
finger-like protuberance away from the region stimulated: 
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Chemical 

Concentration 

Medium 

KCl, XaCl, XH 4 CO 3 , 

X/100 

KCI, X/500 

KCX (neutral) 

Morphine and strychnine 

AI/ oO 

KCl, X/500 

Papaverine hydroohlo- 

N/lOO 

KCl, X/500 

ride 

Sucrose (cane-sugar) 

M/o and M;'500 

KCl, X/500 

Methyl, ethyl and propyl 

20, 16, 5, per cent 

KCl, X;500 

alcohol 

Leucobase of methylene 

in various stages of oxi- 

KCl, X/500 

blue 

dation 


II.O 2 

X/100 

KCl, X/500 

Quinine and cocaine (al- 

M/.500, M, .X) respec- 

Culture fluid 

kaloid) 

tively 


Quinine hydrochloride 

M otX) 

Culture fluid 

KOH, KXCL 

X TOOO, X,300 respec- 
tively 

HCl, X 10,000 

XILCl, H('l 

X/100, X/10,000 res])cc- 

XaCl, X/500 


lively 


Tn the following columns is indicated the probable local effect 
and the general effect : 


/. Local cjfccl Oil the cctoplcifou 
Acids: liqucfying-gclatiiig 

Hydroxides: Liquefying 


Salts: Liquefy or g(dato with eorre- 
yponding expaiisioji or contraction 
of the area to wliicli salt is applied 
Alkaloids: 

Xon-clcctrolytes; u) sugar, -osmotic 
eacet : & ) alcohol. — li<iiudying 


Potassium cyanide: basic, — lique- 

fying. b) neutral, — gelating 
Leucobase of methylene bbie : delating 


Hydrogen peroxide: Liquefying 


2. General ejjecf eot t/fC orgnnis.iri. 

Protuberance initiated toward reagent 
after which ATnoba moves away from 
it. 

Protuberance initiated without appre- 
ciable change in the direction of loco- 
motion unless stimulus applied at the 
anterior end. 

Travels toward or away from salt de- 
|)ending on the salt, the concentra- 
tion and the medium. 

Variable. 

a ) If strong. — streaming alternately in 
all directions; if weak, Amcba travels 
away from stimulating agent, b) 
Amcba travels toward reagent in cul- 
ture fluid and away from it when in 
KCl, X olXL 

(I 'I Slight to no cfloet on locomotion, b) 
Amcba travels away from reagent. 

.\ineba travels away from reagent when 
it is nnoxidised but forms encircling 
protuberances around siinmlatcd 
area when about three-fourths oxi- 
dised, 

Amcba travels away from reagent and 
becomes inactive. 



36 


J. GRAHAM EDWARDS 


DISCUSSION 

Jennings (’04), who ascertained the local responses of Ameba to 
various substances, found as a result of applying certain chemi- 
cals locally that Ameba travels in general in a direction opposite 
from that in which the chemical is applied. He says (p. 187) : 

believe there is no instance of positive chemotaxis in Rhizo- 
poda where the nature of the active substance is known and the 
reaction was controlled experimentally.” He describes a num- 
ber of positive reactions observed in connection with feeding, 
i.e., where the ameba travels toward the food. These, he thinks, 
should be attributed partly to chemical stimuli. In substantia- 
tion of this statement is the fact that the writer obtains with 
dilute acids— particularly carbonic — reactions markedly similar 
to those manifested in the ingestion of motile protozoa as de- 
scribed by Kepner and Taliaferro (T3) and Kepner and Edwards 
(T7). The writer is inclined to the belief that this type of 
reaction is conditioned in part at least by a local increase in the 
H-ion concentration. Schaeffer (T7, p. 226) concludes from 
his experiments with egg albumin and globulin, and egg albumin 
and silicic acid, that they '^show clearly that the presence of a 
substance in solution only is not sufficient to attract ameba, nor 
to cause ingestion, but that the substance must be actively 
diffusing from a definitely localized region.” 

In connection with the local response to acids, it should be 
borne in mind that in all the experiments, the initial phase is 
characterized by the formation of a protuberance either slight 
or extensive followed by a cessation of ectoplasmic exj)ansion, 
and if the acid is sufficiently dilute, by the extension of two or 
more pseudopods on either side of the region to which the acid 
was applied. Aside from the similarity of this type of response 
to those observed in certain feeding reactions already referred 
to, the probable state of the ectoplasm should be considered. 
Hyman (T7) is of the opinion that some local change in the 
ectoplasm of a liquef^dng character which is dependent upon me- 
tabolism is responsible for the extension of a pseudopod; and 
Leo Loeb (’20) while agreeing with Hyman, holds further that a 
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change in hydrogen ion concentration is also concerned. Jacobs 
(’22) shows that carbon dioxide is an efficient agent for changing 
the consistency of the protoplasm reversibly in either direction, 
the exact effects produced depending on the concentration of 
the gas, the material experimented upon, the time of exposure 
and the presence or absence of other dissolved substances in the 
medium. He ejected distilled water saturated with carbon 
dioxide through a very fine capillary against the surface of 
Ameba and observed that pseudopods were put forth in the 
direction of the capillary. The changes in the protoplasm mani- 
fest in the effects induced by the carbon dioxide he suggests are 
dependent upon the absolute concentration of the CO 2 rather 
than on the pH of the solution. He consequently confirms the 
results obtained by the writer (’21) who, in the local application 
of acids to amcbas, observed that the response consists in the 
formation of a protuberance, the equivalent perhaps of a pseudo- 
pod, which arose probably b}" virtue of an initial liquefaction 
at the point to which the acid was applied. Thus the results 
of Jacobs in so far as they apply agree substantially with those 
of the writer. 

Concerning the nature of the changes at the surface of Ameba 
by means of which pseudopods are extended or withdrawn and 
locomotion accomplished, the observations of early investigators 
led them to postulate first, movement owing to the presence of 
some physically unexplained contractile substance and second, 
movement owing to local changes in surface tension. The latter 
has received the wider attention. Surface tension phenomena 
as postulated by Biitschli and Rhumbler and others in explana- 
tion of ameboid movement are such as can occur only at liquid 
interphases. Clearly, the results obtained in this investigation 
indicate that the surface phenomena manifested are not com- 
parable to those obtainable in the surface films of ordinary 
li(iuids. To what extent the forces of surface tension factor in 
ameboid movement wheji these forces are understood in con- 
nection with such a colloidal state of matter as protoplasm repre- 
sents, it is of course not possible at present to say. That the 
surface of Ameba is for flie most part a gel-like solid seems clear 
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from the fact that it resists going into solution in reagents which 
either before or after its rupture have a liquefying effect upon it. 
This is plainly seen in the action of sodium or potassium hydrox- 
ide, which has a liquef 5 dng effect on the surface in both in- 
stances. In fact, specimens which rupture when immersed in 
a strong solution of KOH so that the endoplasm streams out 
and disappears, are seen with their ectoplasmic membranes 
preserved but somewhat shrunken and collapsed for twenty 
or more minutes after the rupture has occurred and the endo- 
plasm has become dissolved. The surface membrane is ruptured 
whenever NaOH or KOH, X l, is applied locally to amebas. 
The endoplasm streams out through the small aperture until 
only the ectoplasmic membrane remains \inless the hydroxide 
is neutralized or the Ameba moved from the vkinity where 
the hydroxide was applied. 

It is obvious, consequently, that the surface of Ameba differs 
markedly from its interior and from its environment. It is this 
difference that determines the character of the local changes 
which chemicals induce when applied locally to the surface. 
Concerning this difference of the surface layer of cells in general, 
Starling (To) says: '^Since it differs from the rest of the proto- 
plasm in the changes to which it is subject, it must also differ 
in its chemical composition apart altogether from the factors 
which .... determine molecular differences between the 
surface and the interior of any colloidal solution.’^ 

Mathews (21) suggests that ‘Tt is probable that the surface 
membranes of all cells are produced in part at least by the process 
of secretion from a solution upon its surface, of substances which 
lower the surface tension of the interphase and are sufficiently 
insoluble. The quick coating over of ameba’s pseudopodia 
looks as if such a process occurred.” He suggests further that 
the reduction of surface tension by the passage of substances 
that lower surface tension to the surface, is a result of tlieir 
accumulating there—not the cause. . The cause he says is 
probably that the cohesion of the solvent molecules is greater 
than the adhesion of the solvent for solute or the cohesion of the 
solute, and as a consequence the solvent molecules are drawn in 
from the surface, leaving the solute concentrated in the surface. 
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It is probable that many factors influence the accumulation 
of substance at the surface, both internal and external. The 
process of secretion may not occur uniformly owing to limiting 
factors of metabolism, or in conjunction with changes in the 
medium and hence condition the formation of pseudopods. 
It is, of course, not possible to say what are the actual factors 
at work when pseudopods are put forth or withdrawn and 
what conditions the stickiness of the surface by virtue of which 
attachment is effected. Some of the probable factors may 
be more definitely localized in the results of subsequent inves- 
tigation. 

SUMMARY 

1. Acids. When acids diffuse against the anterior three- 
fourths of an ameba in KCl, X 500, the response consists in the 
formation at the point where the acid comes into contact with 
the surface of a short blunt protuberance if the acid is strong 
and a finger-like ])rotuberance if it is weak. There is no appreci- 
able response when acids diffuse against the extreme posterior 
end. The response occurs inimediateh^ when acids are applied 
in high concentrations and within 5 to 10 seconds when 
they are applied in low concentrations. As a rule neither the 
short blunt nor the longer more finger-like protuberance per- 
sists. Streaming is usually reversed but when the acid is suffi- 
ciently dilute and is idlowed to diffuse laterally, the protuberance 
initiated docs not affect appreciably the original direction of 
locomotion. 

The type of response just described occurs also when acids 
are apidied to ainebas in culture fluid or in dilute KOH, but 
wlicn they are applied to amebas which have been in XaCl, 
X/500, for IS or more hours, Ihc response consists in a 
slight contraction of the region to which the acid was applied 
and an almost simultaneous change in llie direction of locomo- 
tion througli the formation of a pseudopod on the side opposite 
the source of stimulation. 

The fornuitioii of protuberances in response to acids seems to 
be conditioned by a liquefaction of the ectoplasm. This is 
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foIlo\Yed by a gelation or hardening of the ectoplasm after which 
it visibly contracts and soon the protuberance formed disappears. 
The initial liquefaction and the subsequent gelation are more 
rapid in strong than in weak concentrations. 

2. Hydroxides, When the hydroxide of sodium or potassium 
diffuses against the anterior three-fourths of an ameba in KCl, 
X/'500, or in culture fluid, the response consists in the gradual 
formation at the point of application of a broad protuberance 
when the hydroxide is strong and of a more slender finger-like 
protuberance when it is weak. There is no appreciable response 
when it is applied at the extreme posterior end. The response 
occurs usually within 1 to o seconds. The protuberances formed 
do not as a rule persist so as to function as pseudopods except 
occasionally when the amebas are in culture fluid. The original 
direction of locomotion is generally not affected appreciably 
by the application of the hydroxide. The length of time the 
stimulus is applied has but little effect on the magnitude of the 
response. Certain media cause the response to differ as for ex- 
ample, when either X'aOH or KOH is applied to amebas in dilute 
IICl or X'aCl (in the latter after IS or more hours), the response 
consists in a slight contraction of the region to which the hydrox- 
ide was applied and a simultaneous change in the direction of 
locomotion through the formation of a pseudopod on the .‘^ide 
opposite the source of stimulation. 

The response to NaOH and KOI! is apparently conditioned 
by a liquefaction of the ectoplasm but without subsetiuent 
gelation as in the case of acids. 

Ammonium hydroxide induces a response which consists of 
an eruptive advance of the ectoplasm toward the source of 
stimulation followed immediately by a cessatioji of streaming 
and the assumption of a somewhat spherical form. The re- 
sponse seems to be owing to an equal action of both the NH 4 -ion 
and the OH-ion. 

3. Salts, When salts in concentrations of X/1 or N/lOO 
diffuse against the surface of an ameba in KCl, X/oOO, the 
response consists usually in a contraction of the ectoplasm at 
the point stimulated followed by a bending of the ameba away 
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from the source of stimulation and (in the application of most 
of the salts used) the formation of one or more pseudopods on 
the side opposite the stimulated region. If the amebas are in 
culture fluid, the response consists in the formation of a pro- 
tuberance at the point stimulated which in many instances 
persists as a functional pseudopod, in others the original direc- 
tion of locomotion is not at all or but little affected. Neutral am- 
monium salts have the most marked effect on the ectoplasm of 
amebas in either KCl or culture fluid causing in most instances 
the formation of a pseudopod at the point at which they are 
applied. The pseudopod thus initiated usually persists and 
determines the subsequent direction of locomotion. If, how- 
ever, they are applied to an ameba in NaCl, the ectoplasm con- 
tracts at the point stimulated and a pseudopod forms on the 
side opposite the stimulated region and the ameba travels away 
from the source of stimulation. 

The response to salts is in general variable and depends upon 
the composition of the salt; the concentration: and the medium 
in which the amebas are when stimulated. Ihe concentration 
affects chiefly the magnitude of the response. Changes in 
permeability seem to condition this type of response. 

4. Alkaloids. When alkaloids are applied to amebas in KCl, 
N/500, or in culture fluid, the response consists in a slight con- 
traction of the ectoplasm in the region where tlie reagent was 
applied, and the formation of a pseudopod on the opposite ^ide 
if the reagent is applied laterally or awaj^ from the leageiit if 
it is applied at the anterior end. Quinine and cocaine induce 
the formation of protuberances toward the pipette. Some of 
these persist thus determining the direction of locomotion. 
The latter is true when the specimens are in KCl, N/500, but it 
is only occasionally true when they are in culture fluid. 

5. No 7 i-elccirolytes. a) Cane-sugar, I\I 5 causes so many and 
so rapid clianges in streaming that locomotion is pmctically 
stopped. The amebas become nonnal within 30 or more minutes, 
the effect is probably an osmotic one. h) Alcohol 95 and 50 per 
cent produces a hyaline blister at the point to which it is applied, 
when the specimens are in KCl, N, 500, and then streaming is 
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diverted away from the pipette; but when applied to specimens 
in culture fluid no blisters are formed and streaming is usually 
diverted toward the pipette. Weak solutions of alcohol applied 
to specimens in KCl, N '500, cause streaming to be diverted 
away from the pipette, but no blisters are formed. On speci- 
mens in KCl alcohol seems to have a gelating effect and on 
specimens in culture fluid a liquefying effect. 

0. Potassium cyanide applied without being neutralized with 
hydrocyanic acid, produces a small protuberance which does not 
persist. Wlien it is applied after it has been neutralized with 
HCX, the ectoplasm contracts at the point where it was applied 
and .streamijig is simultaneously diverted away from the pipette. 
The first type of response is apparently conditioned by the OH- 
ion, the second by the CX-ion. 

7. The leucohase of methylene blue, if applied before it has under- 
gone appreciable oxidation, causes violent contraction over the 
area to which it is applied which at the same time becomes blue. 
Streaming stops momentarily and is then resumed in a direction 
away from the source of the diffusing leucohase. When it is 
applied after it has undergone considemble oxidation, there is a 
slight contraction of the surface to which it is applied and two 
or more pseudopods arise on either side of the area stimulated 
and curve toward each other gradually forming a ])rotoplasmic 
cup. There is no indication that initial liquefaction precedes 
gelation, but rather that the action is one of gelation only. 

8. Hydrogen peroxide induces cessation of streaming, followed 
almost immediately by locomotion away from the reagent and, 
within a minute, by detachment from the substratum and 
inactivity. The effect on the ectoplasm is not obvious. 
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1. INTRODUCTION 

In mice of the genus Peroniyscus, variations in color are fre- 
quently quite marked. This is true not only of material from 
different localities but also of individuals which occur in the 
same region. In several species of the genus, these color differ- 
ences have led to the description of pelages as in Tuff’ as con- 
trasted to ‘dark^ or ‘gray’ phases. According to Osgood, “a sort 
of dichromatism is found in P, w. hlandiis, one phase being 
vinaceous gray and the other ochraceous buff. A few other 
forms, as sonoriemis and coolidgd, are slightly and less com- 
monly dichromatic” (p. 16). 

According to the same writer, variations of an extremely 
local and sporadic nature are found especially among u'cstern 
representatives of the genus. These variations are attributed 
to the differences in environmental conditions encountered by the 
species in diverse parts of their ranges. 

The coimnon occurrence and the amount of local and geo- 
graphic variation in various characters, but especial^ in color 
has naturally led students of the group to predicate a large 
degree of plasticity in response to different conditions. 

In addition to the differences in color supposed to be due to 
environmental differences are those phases which characterize 
the live-cycle and the seasonal variations resulting from fading 
and abrasion. 

During the past eight years, a scries of genetic and distributional 
studies involving several geographic races of Peromyscus have 
been in progress at the Scripps Institution for Biological Research, 
under the direction of Prof. F. B. Sumner. In the course of 
these experiments it became apparent that a more exact knowl- 
edge of the nature of color valuations within the groups used in 
the experiments was necessary for the study of racial differences 
as regards color. It is the purpose of the present paper to pre- 
sent the results thus far obtained by the writer in a study of these 
intra-racial differences in color and to describe some kindred 
studies growing out of the main problem. 
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3. MATERIAL 

The material used for the most part was the local La Jolla 
form of Peroniyscus maniculatus gambeli. During the course 
of the work, over five hundred mice of this subspecies were 
trapped on, or within two miles of the Institution grounds. In 
all, about four hundred skins were prepared and preserved for 
study. More than five hundred individuals of this same sub- 
species were reared by me in the murarium to furnish living 
material for certain phases of the investigations. Smaller stocks 
were kept of P. eremicus fraterciilus, P. calif ornicus insignis and 
^lus. muscidus. In addition to this material I had access to 
Professor Sumner's cultures of P. m. gambeli, and of the trans- 
planted races, P. m. sonoriensis from the Mohave Desert, and 
P. ni. rubidus from the humid coast belt of northern California. 
In ail, a living population varying in number from one thousand 
to fifteen hundred was generall}' available for observation. 

In addition to the above, a total of o\'er three thousand skins 
in the collections of the Museum of Vertebrate Zoology were 
examined as follows: P. jn. hylaeus, 223 (adult, adolescent and 
juveiial) ; P. in. macrorhinus, 38; P. boylei boylei, 110; P. m. 
sonoriensis, 735; P. truei gilbevti, 200; P. boylei rowleyi, 510; 
P. truei truei, 70; P. ealifornicus californicus, 88; P. californicus 
insignis, 170; P. eremicus eremicus, 255; P. eremicus fraterciilus, 
95; P. m. austenis, 233; P. in. rubidus, 123; P. m. gambeli, 485. 
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4. METHODS 
1 . Preparation of skins 

In the preparation of skins for study I ha^^e followed Sumner’s 
method.^ The body is removed through a slit in the skin extend- 
ing from the base of the tail along the median line to the throat. 
After removal of all fatty tissue, the inner surface is treated with 
powdered arsenic. The skin is next placed on a stretcher and 
subjected to equal tension by means of 20-gram weights attached 
to flexible wires which run on pulleys, and which in turn are 
attached to the skin by means of small spring clips at eight differ- 
ent points, viz., the four limbs, the tip of the snout, base of the 
tail and at the middle points of the sides. After an interval of 
about fifteen minutes, the skin while still stretched taut is pinned 
out on a small board where it is left for a week. The skin along 
with others is next placed in a bath of gasoline or benzine for a 
day or two. It is then transferred to a second bath for the same 
, length of time. As a final step in the process, it is removed from 
the second bath and exposed to the air until entirely free from 
the fluid, when the hair is brushed smooth. Subsequent expo- 
sure to light is avoided except for purposes of examination. 

Where large intergrading series are to be studied, this method 
of preparation is more satisfactory than the method usetl in the 
preparation of conventional museum skins which arc stuffed 
with cotton. Both the dorsal and ventral surfaces may be seen 
in one plane. Differences due to unequal stretching, wrinkling, 
and high lights and shadows arc eliminated. As the skin goes 
through the gasoline baths, oil and dust particles are removed 
from the hair. This is an important step in the process since 
not infrequently the appearance of the skin is noticeably differ- 
ent after being immersed in gasoline. 

2. Color analysis of skins 

The terminology used in the description of colors is that of 
Ridgway^s Color Standards and Color Nomenclature (T2). 

* Journal of Experimental Zoology, vol.7, no. 1, August, 1909, p. 101. 



PELAGE PHASES AXD COLOK VARIATIONS IN MICE 


49 


While this method of color description meets most of the needs of 
the naturalist, for an intensive study of color variations within 
a race and of racial differentiation as regards color, it is highly 
desirable to be able to deal quantitatively with the differences 
in question. 

In collaboration with Professor Sumner, a satisfactory method 
for the quantitative expression of the color composition of a 
pelage has been devised. The method consists in a simple 
adaptation of the color wheel as used in physical and psycho- 
logical laboratories. 

The apparatus consists of two aluminum discs, each of which 
is attached directly to the shaft of a small electric motor. Color 
sectors are mounted on one disc while the skin which is to be 
analyzed is held in place on the other by means of a diaphragm 
which is attached to the disc by bolts. The area of the skin to 
be analyzed is exposed to view by a circular aperture in the centre 
of the diaphragm. When a skin in this position is rotated at 
a high rate of speed, the effect of centrifugal force is such as to 
cause displacement of the individual hairs in all directions from 
the center. This difficulty is obviated by covering the exposed 
surface of the skin with a very thin transparent gelatin fihn. 

The rotation of the discs is controlled by foot rheostats. These 
discs are rotated at a s])eed sufficient to produce perfect blending 
of the colors. 

In the analysis of Peromyscus skins it was found necessary to 
use black, white, orange and yellow. It was found practicable to 
eliminate one of the variables by using orange and yellow in the 
constant ratio of 1:2. 

As determined by duplicate analyses, the average difference 
(expressed as a i>er cent of the lesser of the two readings) in the 
determinations of Iffack, which is by far the fargest color com- 
ponent, is O.G ix^r cent. The average difference in determining 
the percentage of white plus orange-yellow is 2.7 per cent. 
Because of the relatively small percentages of white and orange- 
yellow and furthermore because, within narrow limits, the 
diluting effects of Avhite and of yellow upon black are indistin- 
guishable from one another, the differences in successive deter- 
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minations of white and of orange-yellow are somewhat larger. 
The average error for white is 7 per cent, for orange-yellow, 7.7 
per cent. In every case, the color composition of the skins was 
determined a second time after an interval of at least one day 
and the average of the two readings was taken. All analyses 
were made during the day under fairly constant light conditions. 
The ^lilton Bradley color discs were used. Inasmuch as these 
colors fade somewhat after considerable exposure to sunlight, 
it was found necessary to keep the discs covered while not in use 
and to test them frequently with a second set kept continuously 
in the dark. 

It is ob\dous that these errors are negligible where the series 
compared show little or no overlapping and the differences with 
which we arc concerned are relatively large. However, in dealing 
with intergrading series it vould be desirable to determine the 
color composition with greater precision.- 

The elongated shape of the skin is such as to make it imprac- 
ticable to determine the color composition of the whole dorsal 
surface. However, it is sufficient for purposes of comparison to 
select homologous representative areas for analysis. In the case 
of the ju venal, postjuvenal and adult skins of the buff and dark 
extremes, a circular area on the dorsum was selected liaving a 
diameter of 32 mm. and extending approximately to the ventral 
white on both sides, and from the base of the tail anteriorly. In 
the analysis of old and new pelages on opposite sides of the ])ody, 
homologous regions on the flanks extending froin the dorsal 
median line to the ventral white were compared. 

3. Microacopic ■'<fruc(ure of hair 

The color and arrangement of the pigments were studied to 
best advantage in unstained hair mounted in glycerin or 1 balsam. 
The st Juncture and surface st nations of the cuticle were brought 
out by staining slightly with dilute picric acitl. Air in the 
medulla was partially expelled by treating the hair with a weak 
solution of potassium hydrate. 

^ This result has recently l»ecn accomplished by Professor Sumner witli the 
Hess -Ives tint photometer. 
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4 . Study of molls 

In many cases, molts are of such an insidious character that it 
is necessary, in determining points of origin and directions of 
growth, to follow the process as the new hair comes through the 
skin. A molt may be well under way before any change is 
evident at the surface of the earlier coat of hair. The mice 
whose molts were being studied were etherized and the incoming 
pelage located by parting the overlying hair by blowing. These 
areas were then outlined on diagrams of the dorsal, ventral, and 
lateral surfaces of the body, which were printed on cards of con- 
venient size, especiall}'' prepared for this purpose. 

J, Skin ingmenUilion 

In the buff and diirk extremes, a study was made of the cor- 
relation between the color of the pelage and the extent and inten- 
sity of the ])igmentation of the soles of the feet. In preparation 
of the material for this study, Sumner’s (T9) method was used. 
The left feet were removed from the body soon after death and 
placed in 70 per cent alcohol, being later transferred to a mixture 
of equal parts of alcohol and glycerin. After being left in this 
fluid about a week, they were put into pure glycerin which serves 
as a very satisfactory clearing agent and preservative. 

In order to determine the average condition and the variability 
in the two contrasted series, an arbitrary scale was adopted with 
five grades of pigmentation, a device similar to that used by 
Castle in grading the variability of the hooded pattern in rats. 

5. c;EXERAL features of molt IX BIRDS AND MAMMALS 

Before entering upon a discussion of molts in Peromyscus, 
it seems worth ^\•hile, by way of introduction, to review the out- 
standing features of molts in birds and mammals, with especial 
reference to the rodents. 

Both birds and mammals in general, undergo marked modifi- 
cation in appearance as the result of molting. Certain of these 
molts are to be regarded as adaptations to changes of season, 
while others are characteristic of certain stages in the life-cycle. 
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Although the general subject of molts has not been adecjuately 
investigated in either the birds or the mammals, it may be said 
that the ornithologists have pushed their investigations some- 
what farther than have the students of the mammals. This is 
probably in part due to the fact that, as a rule, the changes in 
appearance induced by molt are much more obvious in birds 
than in manunals. 

In many species of birds, the changes in appearance incidental 
to the transition from the ju venal to the adult are even more 
conspicuous than the changes due to season. The juvenal 
plumage, frequently so unlike that of the adult, is often regarded 
as a recapitulation, probably much modiiied, of an ancestral 
stage. In the words of Darwin, 'b\s the young of so many 
species have been but little modified in color and other orna- 
ments, we are enabled to form some judgment witli respect to 
the plumage of their early progenitors. . . . ’’(p. 499). 

No biologist appears to have placed greater dependence upon 
.comparative studies of juvenal plumages, in attempting to un- 
ravel phylogenetic relationships than did Whitman (’04) in his 
studies of special ion in pigeons. Thus, for example, in tracing 
the evolution of various wing-bar patterns, be found transition 
stages in the juvenal plunutge, linking together what appeared to 
be discontinuous variations in the adult. 

Although it is true, as Darwin, Whitman and others have 
pointed out, that juvenal plumages often afford clues to ances- 
tral relationships, nevertheless there are anomalous cases in 
which closely allied subspecies differ more in the juvenal than in 
the adult. Thus according to J. A. Allen (’94 a): 

WTile in some species the youn^ in firs I plumage bear a close 
resemblance in color to the adulls, as in some of the Flycatchers, Jays, 
Chickadees, \ircos, etc., in other cases they arc so totally unlike the 
adults as to Ije sometimes identifiable with difficulty even l)y expends, 
and only by structural characters rather than by ])lumage, as in various 
Warblers and Sparrows, as is well shown by the subject of the prc'sent 
illustration [the oven-bird]. The first plumage is thus often exceed- 
ingly characteristic, closely allied subspecic's sometimes differing more 
at this early stage than at any later period. Its real significance, 
however, has as yet been little studied (p. 93)- 



PELAGE PHASES AND COLOR VARIATIONS IN MICE 


53 


A special study of the molts of birds such, for example, as that 
of Dwight ('00) on the Passerine birds of New York discloses a 
high degree of regularity in the process. The development of 
the various feather tracts follows a fairly definite sequence. 
The old feathers in any particular row tend to remain until the 
new ones in the adjacent row are sufficiently developed to assume 
their function. The remiges of the wings arc nearly always shed 
in pairs. They drop out synchronously from the t^^'o wings or 
within a few days of each other, so that the power of flight is but 
slightly impaired by their temporary loss. The process is less 
regular as seen on the body, and the greater degree of regularity 
of the wings is evidently an adaptation for the preservation of 
the power of flight during the molting season. There are, 
however, exceptions to this rule. In the Anatidae and some 
other groups as well, the remiges are molted almost simultane- 
ously and the power of flight is wholly lost for a time. 

Although the molts of maimnals, save in a few instances, have 
been described only in a rather superficial and incidental fashion, 
it seems certain that they are typically less regular in character 
than the molts of birds. Jackson (To), in his monograph of the 
American moles, gives a much more complete discussion of 
pelages and molts than is usually found in monographs in this 
series. 

Although generic differences in the molts of birds are well 
known, Jackson is the only writer, so far as I am aware, who has 
described generic differences in mammals, as regards points of 
origin and direction of growth of the new pelage. Ihe nature 
of these ditTerciices is indicated in the following excerpts from 
his account. 

Molting in Scnloi)}ts occurs more or less regularly in definite sequence 
on the ditha’cnt parts of tlie body, and the same order is lollowed in 
both the vernal and autumnal molts. The fresh pelage first appears 
on the breast and abdomen (PI. I, tig. 1) and gradually replaces the old 
until the entire^ underparts, except the chin and throat, have molted; at 
this stag(' Wwvv is a sliarp lateral line of demarcation between the new 
anti the old fur (Ph I, fig. 2); the fresh pelage gradually extends up oyer 
the i)ack, genorallv mu-roaching \\\)on tlie posterior part first and working 
forward toward the nose. The chin and tliroat in most individuals 
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retain the old pelage for several days after all the rest of the molt is 
complete. There are, of course, exceptions to this general order of 
molting but most of these occur in animals which are molting either 
earlier or later than normally, and the writer is inclined to believe that 
these variations are either due to retarded or stimulated physiological 
processes, or else result from injuries to the animal (p. 14). 

The sequence of molting in Scapanus is less definite than in Scdlopm. 
The differences of color, texture, and length of hair between the old and 
new pelages of iScapamis are usually slight; often the line of demarcation 
separating the two pelages is scarcely distinguishable, and seldom sharp 
as in Scalopus. The sequence of molting on the various parts of the 
body appears in a few cases to be not unlike that of Scalopus, the under 
parts molting first, follow^ed consecutively by the sides and back. ^Moro 
frequently, however, the new pelage appears first on the head and throat, 
then works down over the nape and back, encroaching last upon the 
abdomen; or, as is shown most beautifully in a specimen of Scapanus 
hiimaiius htimanus from Petrolia, Cak, the new pelage may appear 
simultaneously in separate patches upon head, back, and rump (p. 15). 

The new fur of Condylura generally appears first on the posterior 
part of the flanks, but the body sequence is inconstant; tlie molt on the 
flanks usually spreads forward and vent rally, while at the same time on 
the back fresh pelage replaces the old, which sloughs off in irregular 
blotches. Probably in most cases tlie ventral parts ar(‘ in fresh pelage 
before the major portion of the back has molted; a small posterior rump 
patch is almost invariably the last to molt. The contrast between new 
and old pelages during the spring molt is marked; the autumnal molt, 
however, is often difficult to detect. 

In the genus Neurotrichus, new pelage ordinarily first replaces the 
old on top of the head; this is sooji followed lu' file molting of the 
posterior part of the back almost simultaneously with the beginning of 
the molting of the ventral parts on the tliroat and l.)rcast; tlie molting 
areas on the back increase in size and finally enclose each otlicr; the area 
on the breast works posteriorly, then dorsally; the flanks are tlie last 
to molt. The molting process in Neurotrichus, once well liegun, seems 
to be very rapid, and this may account for the sparsity of material of 
this genus showing molt (p. 10). 

The molts of prairie dogs have been described in considerable 
detail by Hollister (TG). All the species comprising the gciuis 
(Cynomys) with one exception, nndergo two changes of pelage 
each year. The spring molt begins in the pectoral region and 
in the axillae and the entire ventral surface is renew'ed before 
there is any real molt visible above. On the dorsum, the head 
and shoulders with occasional irregular areas on the back are 
invested first, and the change proceeds posteriorly. The hair 
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of the tail is not renewed until shortly before the autumnal molt 
sets in. The winter coat first appears on the extreme posterior 
parts of the body and progresses in a regular definite area exactly 
reversing the order of the spring molt. 

Certain features of the molts of prairie dogs are fairly typical 
of rodents in general. As regards the two annual molts the same 
reversal in the direction of growth is described by Allen (’94 b) 
in the varying hare (Lepus americanus), by Barrett-Hamilton 
(T2) in the European hares, and by Howell (T4) in ReithrO' 
dontomys. Furthermore, it appears to be generally character- 
istic of the rodents that the incoming hair first appears on the 
ventral surface and that the change of pelage may be well under 
way before it spreads to the upper parts. 

On the contrary, the molts of the pocket gopher as described 
by Bailey (’15) are of a very exceptional character. As in many 
other rodents there are normally two molts each year. In the 
first of these, investment proceeds from the nose posteriorly, but 
contrary to the usual rule, it lags behind on the ventrum. 
In the spring, the change of pelage is accomplished by a succes- 
sion of molt waves which pass over the body from the nose 
posteriorly. There are at least five such waves each of which 
effects a partial change of pelage. There is no reversal in the 
direction of growth, as is usually the case, in the autumnal molt. 
The assumption of the winter pelage is accomplished in two 
molt waves. 

In contrast to the conditions described in birds there appear 
to be but few suggestions of ancestral stages in the juvenal pelages 
of mammals. According to Friedenthal (’ll) the young Indian 
elephant has reddish hair similar to that of the maimiioth, while 
in echidna, a hair coat in the young precedes the development 
of a coat of bristles. In this connection it may be recalled that 
in the pelage of young hons famt spots may be seen which have 
been regarded as a repetition of the leopard-like markings of 
their ancestors. 
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6. PELAGE PHASES IN PEROMYSCIJS 
1. The juvenal pelage 

At birth the body is devoid of hair and pigment except for the 
vibrissae and supraorbital cilia. On the second day the upper 
parts begin to assume a bluish-black color and the hair may be 
seen coming through the skin of the pigmented area. A day or 
two later, the ventral wliite hair may be observed. In the mean- 
time the skin of the dorsal surface has become intensely pig- 
mented. The appearance of pigment on the ventral surface is 
retarded for several days. This is due to the fact that the 
terminal part of the hair is devoid of pigment. 

At the age of four to five weeks, the young are, as a rule, in 
full juvenal pelage. There are no further traces of pigment in 
the skin, which is now flesh color. This pelage, like the later 
ones, is made up of a fine soft under fur and a sparser coat of much 
longer and coarser o\'erhair. As is the case in the adult pelages 
of many other rodents, the hairs of the underfur are banded or 
ticked, being of a blackish plumbeous or slate color ba sally, with 
a narrow subterminal zone of pallid mouse gray (Ridgway), 
while the tips are black. The overhairs are not of the ticked or 
agouti type, lacking the subterminal band. The general effect 
on the dorsal surface may be described as between neutral and 
deep neutral gray. 

The juvenal pelage of the ventral surface, like that of the 
dorsum, is made up of underfur and overhairs. Br.sally, the 
color is the same as in that of the dorsal surface, fmt the distal 
region is white. The lateral line of deinarcatinn between the 
dorsal and ventral surfaces of the body is very sharply detined 
(fig. 16). 

The microscopic structure of the hairs in the juvenal pelage 
is essentially the same as described by Sumner (’IS) for the adult. 

There is, however, a very evident ditfcroncc l?i the propor- 
tionate number of the different kinds of h.airs. The slender hairs 
with but a single axial row of pigment bodies, alternating with the 
air spaces, are much more numerous, while the yellow pigment 
is much reduced in the subterminal bands. The overhnirs are 
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attenuated at the base, being no larger at this level than the 
hairs of the underfur. Both kinds of hairs are very much 
flattened, but the larger ones show no local attenuations such as 
are described by Barrett-IIamilton (46) for Mus musculus, 
though this appearance may be simulated by torsion. 

The range of variation in the color of juvenal pelages in gam- 
beli is shown in table 1 in which the color analyses of ten skins 


TABLE 1 


Cohu' annbj.'iCH of Icn li/pical jHi'cnrd pelages 
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1 2.8 
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I 9.2 

1 3.1 

Dark 

91,7 

i 

0.5 

91.7 

7.S 

0.4 

92 0 

7.6 

! 0.4 

92.6 

7.0 

1 0'-^ 

92 7 

6.9 

{ 0 3 

Average ^ 

7.4 

0.4 

Maximum alh'^olute ililTereiires 5.9 

3.1 

1 3.5 

.Vvenige ahjstilute dtlTereiu’e^ 4.6 

; l.S 

2.7 


are givcti. The ligirt and dark extremes arc each represented 
by five skins. .Vs is shown in the table the black ranges from 
86.8 per cent to 02.7 per cent i the w hite from 6.9 per cent to 
10 per cent and the orange bulT from 0.3 per cent to 3.8 per cent. 
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2. The postjuvenal pelage^ 

The transition from the juvenal to the postjuvenal pelage 
usually begins at the age of four weeks and is completed about 
eight weeks later. The new pelage first appears on the throat 
near the angle of the jaw, or less frequently on the anterior sur- 
face of the forelimb along the lateral line of demai'cation between 
the dorsal gray and the ventral white. Growth proceeds toward 
the median ventral line of the head and, at the same time, ante- 
riorly under the eye and ear and posteriorly over the forolimb 
and shoulder. From these regions, it passes posteriorly above 
the ventral white to the hind limbs, at the same time creeping 
up toward the dorsal median lino (figs. 1 to 3). 

On the ventral surface, the molt is regularly completed before 
that of the dorsum. As shown in figure 2, growth proceeds 
from the throat posteriorly. In many cases, there may be no 
superficial indications of the change, though is some instances a 
definite molt line may be observed. 

The molt may be well under way before there are any evidences 
of it on the surface. The details of the process can be learned 
only by parting the new hair as it comes through the skin. On 
the surface the new postjuvenal pelage is usually first seen upon 
the forelimbs, and somewhat later as triangular areas on the sides. 
These lateral areas gradually become confluent, first, as a rule, 
just posterior to the shoulders (figs. 17 and 18). 

After this ‘saddle phase’ (fig. 18) has been reached, further 
growth for days or weeks may be limited to the region posterior 
to the saddle. The direction of growth is posterior and, at the 
same time, upward on the hind limbs from the lateral line, the 
region above the base of the tail being the Inst to undergo the 
change (figs. 19 and 20). 

The molt is now completed over the whole body surface, except 
the region extending on the dorsal surface from the tip of the 
snout to the shoulders. The investment of this area may occur 
soon after that of the rump, but usually only after an inactive 

“This account of the postjuvenal pelage has been given in a former paper 
(Collins, ’18), 
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period which in extreme cases may be as long as two months. In 
this region the postjuvenal pelage first appears anteriorly on the 
tip of the snout, passing posteriorly to the eyes, thence as two 
diverging strips to the anterior insertions of the ears, the inter- 



Figs. 1 anti ’2 Diagrams of tho dorsal and vcjitral surfaces, showing directions 
of growth in the postjuvenal molt of F, inaniculatus gambeli. The regions on 
which molt proceeds more or less independently are shown bv the dotted linos. 
The longer arrows indicate more rapid growth. L.I., lateral line) p., point of 
origin. 


veiling space being hlled in by lateral and posterior growth 
(fig. 1). Posteriorly, the molt line moves from the shoulders 
forward toi\‘ard the etirs, ivhere the two areas coalesce. Growth 
in the two directions niiiy occur simulttineously or that of one 
region may be slightly in advance of the others. 
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The postjuvenal pelage is somewhat longer and coarser, though 
still shorter than that of the adult, which it closely resembles 
in color. The general color effect is quite different from that of 
the juvenal. It may be described as varying from Saccardo’s 
umber to sepia, with the dorsal median stripe more or less strongly 
marked with black. This difference in the general color of the 
two pelages appears to be due mainly to the increased amount 
of yellow pigment in the subterminal bands of the postjuvenal 
hairs. 



Fig. 3 Diagram of lateral surface, showing directions of growth in the post- 
juvenal molt of P. maniculatus gainbeli. Synibols as in figures 1 and 2. 


As will be seen by a comparison of the color analyses given in 
tables 1 and 2, the postjuvenal pelage is somewhat lighter than 
the juvenal, but the difference in the appearance of the two 
pelages is due mainly to the large increase in the percentage of 
orange-yellow in proportion to v’hite. 

The postjuvenal molt of two other races of California deer- 
mice (P. m. sonoriensis and rubidus) as well as in a 'yellow’ mutant 
of gambeli, which appeared about five years ago in the murariinn 
stock is essentially the same as above described. 

In the assumption of the postjuvenal pelage the fii’st eoat 
seemingly is wholly replaced, but the replacement is actually 
only partial. This condition was first discovered in P. califor- 
nicus insignis and in P. eremicus f rater cuius. In young speci- 
mens which have just assumed the postjuvenal pelage, by parting 
the hair, a second sub terminal band was found, slightly proximal 
to, fainter, and more grayish in color than the one distal to it. 
It wavS observed furthermore that this band disappeared as the 
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adult pelage came in, being present ahead of the advancing line 
of incoming pelage an<l absent back of it. In these species the 
postjuvenal hair is somewhat longer than that of the first coat 
and the extra subterminal band is that of the persistent juvenal 
hair. 

In P. m. gambeli, the difference in the length of the juvenal 
and postjuvenal hair is not often sufficient to separate the two 


TABLE 2 

Color onalyscs of ten typical postjuvenal pelages 
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1-7 

; S.O 


subterminal bands. In this subspecies, however, the presence 
of juvenal hair in the jiGsi juvenal pelage was demonstrated in 
the following manner. The terminal portion of the juvenal 
hairs including the subterminal bands was clipped off shortly 
before the postjuvenal molt. About two \\eeks after the molt 
was completed, samples of the pelage were plucked out and 
subjected to microscopical examination. The persistence of a 
part of the juvenal pelage was shown by the presence of numerous 
truncated hairs. 
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The foregoing account of the assumption of the postjuvenal 
pelage is based primarily upon a study of living cage-born Pero- 
myscus. These observations have been supplemented by obser- 
vations on a considerable number of juvenal mice trapped from 
time and upon an examination of a total of nearly three hun- 
dred juvenal skins in the collection of the Museum of V^'ertebrate 
Zoolog}", representing the subspecies sonoriensis, rubidus and 
gambeli. 

Since Sumner (T8) has found that Peromyscus are modified, 
in some cases to a marked extent, by captivity, it would be but 
natural to suppose that the process of molt and the appearance 
of the pelage might also be modified. It is rather surprising to 
find, however, that, with few exceptions, such is not the case. In 
the worst cases of defonnity there may be some evidences of 
disturbance but on the other hand, the postjuvenal molt and the 
appearance of the pelage are, in juost instances, normal even 
when the mouse is quite ob^dou8ly abnormal in other ways. 

3. The adult pelage 

In order to determine the manner and more ]>articularly, the 
age at which the adult pelage is acquired, a series of fourteen 
postjuvenal gambeli were kept under observation .and examined 
at approximately weekly intervals for a period of eleven months. 

Of the fourteen individuals in this series, one began to assume 
the adult pelage at the age of 2\ months, while in a second 
instance there was no sign of the adult pelage until 4^^ months 
after the date of birth. These two individuals represent the 
extreme cases. The average age, however, is slightly more than 
three months. 

The points of origin and directions of growth are iniich the same 
as in the assumption of the postjuvenal pelage, although the 
process is less regular. The advance of this molt wave is almost 
invariably marked by a molt line which frequently docs not 
appear on the surface until the molt has reached the middorsal 
region. The incoming pelage is slightly longer, the black mark- 
ings may be somewhat coarser and the huff tints are more pro- 
nounced. Not infrequently this first molt wave appears on the 
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anterior part of the body before the juvenal pelage has been 
replaced on the top of the head but more usually there is an 
inactive period of one or two weeks following the completion of 
the postjuvenal molt. A complete change of pelage is not ef- 
fected by this first molt wave. The major portion of the adult 
pelage appears to be acquired at this time while the irregular 
partial molts which follow seem to complete the change. Occa- 
sionally these partial molts show something of the normal 
sequence and direction of growth. That these supplementary 
partial molts do not modify the color of the pelage is shown by 
the fact that, although the new hair appears in isolated patches, 
the pelage never presents a spotted appearance. Furthermore, 
the molt lines which in rare cases accompany this' second molt 
wave are always faint. It seems quite certain that normal 
individuals of this subspecies undergo no appreciable change in 
color after the age of to 7 months. 

As brought out by the color analyses in tables 2 and 5, the 
differences in the appearance of the postjuvenal and adult pelages 
are due chiefly to the increase in the percentage of orange-yellow 
in the latter. The assumption of the adult pelage in the above 
series was begun during the autumnal molting season. Some 
disturbance of the process because of this fact might well be 
anticipated. That this is not the case was showm by the study of 
a second series of twelve individuals which began to assume the 
adult pelage during the months of January, February, and April. 
The molts of these mice were essentially the same as in the first 
series. In seven of the eight cases which were followed through 
the first autumnal molting season, there was a marked increase 
in molting during this time and, in some instances, definite molt 
lines appeared. Their ages at this time varied from nine to 
fourteen months. 

7. SEASONAL CHANGES IN PEL.AGE 

This dtscussion of seasonal changes in the pelage of adult Pero- 
myscus is based upon a study of the pelage changes observed in 
a series of thirteen adult gmnbeli which were trapped in old, worn 
pelage in the vicinity of the Scripps Institution, September 13 
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to 15, 1918, These mice irere kept under observation in the 
miirarium for a period of eleven mouths. During the autumnal 
molting season, they were etherized and examined for evidences 
of molt, at approximately weekly intervals. Of this stock 
eleven individuals survived nine months, when through accident 
the number was reduced to eight. 

The average condition as regards amount of pelage change is 
shown in figure 4. The most obvious characteristic of the sea- 
sonal molts is the absence of sharply defined molting periods. 
The cur^'e does, howe^'er, show a maximum during October and 
November. This may l)e designated as the period of the autum- 



Fig. 4 Histogram showing the continuous character of niolt in adult gaml>eli. 
The extent of molting was determined by grading t lie card reconis (p. 0) according 
to an arbitrary scale. 

nal molt. As followed in individual cases, it is much more pro- 
nounced than is indicated by the curve which is based on the 
average condition of all the members of the series. 

While the time of the first appearance of this molt is quite 
variable, it is most often found beginning in October. As regartls 
points of origin and directions of growth, it is much less regular 
in character than those involved in the assumption of tlie post- 
juvenal and adult pelages. Despite numerous irregularities in 
the process, such that the molts of no two individuals are alike, 
the same general plan as that of the postjuv'enal molt is follow ed. 

The new pelage first appears, as a rule, on the anterior aspect 
of the forelimb or on the throat, often near or at the point of the 
jaw. From these points of origin, the molt wave passes poste- 
riorly over the ventral surface, up under the ears and posteri- 
orly over the shoulders, at the same time creeping up on the 
sides. The change on the v'entral surface may proceed in advance 
of that on the dorsum, but not infrequently the two surfaces may 
undergo the molt simultaneously or the first-mentioned condi- 
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tion may occasionally be reversed. The dorsal surface of the 
head may be the last to undergo the change, as is normally the 
case in the assumption of the ix)stiuvenal pelage, but this se- 
quence is not always followed. It will be recalled that in post- 
juvenal mice, the incoming pelage of the head, in most instances, 
grows from the tip of the snout posteriorly and from the back of 
the neck anteriorly, the two areas coalescing in the region of the 
ears. This peculiar mode of growth has been observed only 
occasionally in autumnal molts. 

The first wave of the autumnal molt iloes not effect a complete 
renewal of pelage. The greater part of the pelage seems to be 
replaced at this time but the change appears to be completed by 
a second molt wave, much more irregular than the first. The 
gradual advance of the first wave is, with a few exceptions, marked 
by a molt line which may be barely discernible or quite distinct. 
Occasionally, individuals are found which undergo molt without 
showing a molt line. This may be due to the fact that there is 
no difference in color in the old and the new pelages or to the 
almost simultaneous growth of the new pelage o^^er the greater 
part of the dorsum. This first molting period is usually from 
four to six weeks in length and in some individuals may be even 
more prolonged. 

The second molt wave (if for convenience, it may be so termed) 
may appear on the head or forelimbs before the first wave has 
passed over the posteiior part of the body, but more typically 
the two waves are separated by an inactive j>enod of two weeks 
or more. The second wave is rarely marked by a molt line. 
Not infrecpiently, there is some suggestion of regularity with 
respect to points of origin and directions of growth, but in most 
individuals tiiis molt is exceedingly irregular. Small patches of 
incoming pelage may appear on any part of the ]:)ody with no 
suggestion of bilateral symmetry. Oftentimes, there is no 
obvious break between this series of partial molts and the insidi- 
ous changes of pelage which continue with but few interruptions 
throughout the year. 

As in most of tlie sjiecics of Peroiiiyscus, tiiere is no spring 
molt, although some changes of pelage may be observed during 
this season such as may be found at other times as well. 
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Of the thirteen individuals in this series, six were females. 
Five of these gave birth to broods early in the molting season, 
In every case there was a cessation of molt for a period of about 
four weeks following the birth of the brood, i.e., during the 
nursing period. In three of the five cases the molt was well 
under way and in a fourth case was in its initial stages when inter- 
rupted by the appearance of the broods. ^Vlthough breaks in 
the continuity of the process of molting occur at other times and 
in the records of the males as well, in view of the fact that these 
inactive periods are longer than usual, and that they occur in the 
midst of the autumnal molting season, the coincidence of the 
nursing periods and the interruptions of molt suggests a causal 
nexus. Retardation in the molts of females, evidently of a more 
pronounced character, are mentioned by Hollister (/1 6) in his 
discussion of the molts of Cynornys. According to his account, 
^‘Breeding females are always slow to acquire the fresh coat, 
renewal being greatly retarded by lack of excess vitality” fp. 9). 
A similar delay in the molting of breeding females has been 
observed by Allen ('94 b) in many of the Sciuridae especially in 
the genera Sciurus and Tamias. 

That the seasonal molts are essentially the same in captivity 
as in nature is shown by a series of nearly two hundred skins of 
adults, in which every month of the year is represented. As 
sho^^^l in figure 5, which is based upon the data given in table 3, 
specimens may be found undergoing some change of pe/age, any 
month of the year. In most cases, however, these changes are 
very slight. A maximum is reached during September and 
October, i.e., the period of the autumnal molt. A second maxi- 
mum, not very marked, huwc\Trj occurs in December. This is 
probably due to the supplementary partial molts which follow the 
first molt wave. 

8. TYPES OF HAIR IX THE ADELT PELAGE 
L The underfur 

Like the ju venal and postjuvenal pelages, that of the adult is 
made up of a thick coat of fine, soft, longer and somewhat coarser 
overhair. The hairs composing the underfur on the dorsum are 
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of the banded or agouti type. The variation in length ranges 
from 8 to 10 mm. The width varies from about 10 to 50 ii in the 
broad flattened middle portion, through the greater diameter. 
Throughout the greater part of its length, the hair is very much 
flattened especially so in the region of and just below the sub- 


on 





Fig. 0 The onlinatcs indicate the percentage of the total number of skins 
representing each month of the year, ’.vhichshow evidences of molt. 

termirial band. The minute structure of the agouti type of hair 
is shown in flgs. 22 to 28 of plate 2. When subjected to micro- 
scopical examination, three regions may be distitiguished. The 
outer, thin transparent cuticle, composed of thin, flattened cells. 
Within this are the cortex in which the cell outhnes are lost, and 
the medulla, which forms the axial portion of the hair. As shown 
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in these figures, the cells of the cuticle give to the surface of the 
hair a rough, jagged appearance which is especially well marked 
in the basal portion of the hair, becoming less prominent as the 
distal region is approached. 

With regard to localization, two types of pigment may be 
recognized, i.e., axial and cortical. Throughout the greater 
portion of the length of the hair the pigment is confined to the 
medulla in which dense axial masses of sepia granules alternate 
w ith air spaces. It is of interest to note in this connection that 
the axial pigment masses adhere to the proximal wadis of the air 
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spaces. This peculiar detail of structure is especially well shown 
in figure 22. This is a very constant condition and it is possible 
while studying a hair under the microscope, to distinguish distal 
and proximal regions of a segment in this manner alone, where, 
as in figures 26 and 27, the cuticular striae arc not readily seen. 
The individual granules are oval in form. Below' the sub terminal 
band they appear fairly uniform in size but in the apical region 
they are much smaller. 

As show n by the figures, the cortex is devoid of pigment below 
the level of the sub terminal yellow band. First appearing as 
sparse scattered granules at the level where the yellow axial 
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pigment is being replaced by the scpia^ the pigment granules in 
the cortex become more numerous toward the tip of the hair, 
nearly or quite concealing the axial pigment masses. These 
granules are found to be arranged in longitudinal striae. In the 
attenuated terminal region of the hair the axial pigment dis- 
appears and with it, apparently, the medulla as well. The 
extreme tips are pigmentless. 

In the proximal portion of the hair (fig. 22), there is but a 
single row of pigment masses alternating with the air spaces, 
but, in the middle region (figs. 23, 24, 25) the number of rows 
may vary from one to four, decreasing again to a single row in 
the subapical region. 

The broad hairs having from two to four rows of pigment 
masses greatly outnumber those with but a single row. In the 
latter type of hair, the axial masses of sepia granules do not as a 
rule, continue distal to the subterminal yellow band. 

The yellow pigment shows only a slight tendency to assume a 
gninulnr form, and occurs mainly in 11 Occident or amorphous 
masses. The transition from the sepia to the yellow of the sub- 
terminal band is a gradual one. As the band is approached 
from below, the sepia pigment masses become less dense, and the 
granules fewer and less compacted together. .Somewhat farther 
along minute l)arely discernible masses of yellow are found ivith 
a few scat tered sepia granules embedded within them. I he 
yellow gradually increases in density and lu richness of color, 
wliile the sepia granules become fewer and dually disappear. 
Distally the same gradual transition occurs, the yellow being 
replaced by the sepia. 

There are no intermediate stages between yellow and sepia. 
In the regions where both occur, each is distinct. On the other 
hand, the yellow \'aries from pale lemon to a rich orange in the 
more granular poi'tions. This variation appears to be due merely 
to differences in the density of the flocculent masses. 

Despite the fact that three pigments (i.e., black, brown or 
chocolate, and yellow) have been described in the hair of ^Iiis 
niusculus by Miss Durham (Bateson, 03), f am led to conclude, 
with Wright (T7) and with Sumner t'lS), that there are but two 
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pigments present, viz., a dark sepia brown and yellow. There is 
an unbroken series of gradations from the sepia brown granules 
of the cortex in the subapical region to the almost dead black 
granules which compose the dense axial pigment masses. 
Throughout the series, the approach toward black appears to be 
proportionate to the size of the granules, and of the density of 
the clusters in which they occur. 

The underfur of the ventral surface is made up of hairs which 
are the same in structure as the agouti hairs of the dorsum with 
the difference that the distal region is devoid of pigment. The 
transition from the pigmentless to the heavil}" pigmented con- 
dition is a gradual one. There are at first a fcAV scattered gran- 
ules in each segment; these gradually increase in number through 
twenty-five to thirty segments when the maximum is reached. 

Along the lateral line of demarcation between the agouti fur 
of the dorsum and the ventral white, various transitional stages 
in the reduction of pigment may bo found. The axial pigment 
immediately below the .subtermimil band is the first to disappear. 
The subsequent reduction appears to proceed in botli directions 
and from the tip of the hair as well, the axial yellow being the 
last to disappear. 

The ovcrhfiirs 

The main structural features of the overhairs are shown in 
figures 29 to 34 of plate 3. They arc not of the agouti type, and 
there is but one type of pigment evident, the sepia. ]3asa]ly, 
the overhairs are identical in structure and size with the agouti 
hairs described above. One important difference in the local- 
ization of pigment is to be noticed. In the agouti type of hair, 
the cortical pigment rarely extends below the level of the sub- 
tenninal band. In the overhairs, on the contrary, the cortical 
pigment always reache.s a much lower level and may extend 
almost to the base. In this proximal region, the cortical gran- 
ules appear to be identical in size, fonn and color with those 
making up the clusters in the medulla. In the distal portion of 
the hair, however, the granules in the cortex become very minute 
and increase greatly in number, becoming so numerous as to 
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conceal the axial pigment. As in the agouti hair, these minute 
granules are arranged in streaks or striae extending lengthwise. 

As the cortical granules become larger, in passing from the 
apical region to the base, the sepia color grows darker, passing 
by insensible gradations into what appears to be black. The 
medial flattened portion of the overhairs is typically somewhat 
broader than in the hairs of the underfur. The overhairs are 
10 to 13 mm. in length, and the maximum width through the 
greatest diameter ranges from 40 to 60 /lz. 

The overhairs of the ventral surface (figs. 46 and 47) are 
identical in structure, including the form and arrangement of 
air spaces with the corresponding hairs on the dorsum, but pig- 
ment less throughout the greater part of their length. 

In a few species of the genus, the hair of the ventral surface is 
entirely pigmentless and in rare cases this condition may be 
found in species in which the basal part of the hair is normally 
pigmented. One such instance has been o]:>served by Sumner 
(MS.) in P. m. vubidus and I have found a few P. m. gambeli which 
showed this condition in the juvcnal pelage, returning to the nor- 
mal condition in the later pelages. An unusual variation in the 
opposite direction was called to my attention by ^h\ Harry S. 
Swart h, of the Museum of A>rtebrate Zoology. In a specimen 
of P. m. hylaeus trapped by him in Alaska the hair of the ventral 
surface shows practically no reduction in pigmentation though 
the tips are more bufly than tliose in the typical agouti hair of 
the dorsal surface. 

3. Caudal hairs 

One of the most striking characters of the species maiiiculatus 
is the sharply bi color tail. Tlicre is a very dark, dorsal median 
stripe extending from the ba<se to the extreme tip. Outside this 
stripe, the hair is pigment less to the base. 

The hair of the tail is found to be quite unlike the body hairs 
in form and structure. As is shown in figures 35 to 41 of plate 4, 
the surface of the hair is much smoother, the cuticular striae 
being scarcely visible. As ccanpared with tlic agouti hairs, they 
are very much shorter and hirger in diameter and the tips are 
relati\'ely blunt. 
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The average length is about 2 mm. and the greatest diameter 
is approximately oOju. The medulla is segmented, but there is 
never more than a single row of pigment bodies though these 
bodies are much larger than those found in the body hairs. The 
cortex is vciy heavily pigmented throughout almost the entire 
length of the hair, the pigmentation being most intense in the 
subapical region. There are various degrees of pigmentation 
from a \‘ery slight amount found in the cortex alone to an intense 
concentration both in cortex and medulla. 

The caudal hairs are not of the banded or agouti type. Sepia 
brown which appears black in dense masses is the only pigment 
present. However, one finds, in rare instances, a haii* which 
suggests the agouti type. In one individual, a few hairs were 
found in which the axial sepia pigment was confined to the prox- 
imal part of the hair, being replaced by a trace of yellow pigment 
in the middle region. In such liairs, the cortical pigment is 
likewise aborted at this level. 

The pigment less caudal hairs appear not to differ from those 
of the dorsal median stripe save in total absence of pigment. 

4 . Vibrissae 

The vibrissa c are by far the largest hairs which occur on the 
body. In length the variatiorj is from 10 to 40 mm., wliile the 
largest diameter ranges from 100 to 140/^. Unlike the hairs pre- 
viously described, which are slightly spindle shaped, the \ i]>ris- 
sae are the largest at the base. As in the hairs of the tail, the 
cuticular striae are very much reduced. There is but little 
evidence of segmentation in the medulla. The degree of pig- 
mentation varies from a mere trace at tlic level of the lateral line 
of demarcation to the intense condition shown in figure 43 of 
plate 5. The striated appearance due to the linear arrangement 
of the minute sepia granules is very marked. No trace of the 
yellow pigment is found to occur in the vibrissao. The cortex, 
unlike that of the caudal hairs does not appear homogeneous, 
but shows rather faint longitudinal sir iat ions which ajipear to 
be air spaces (figs. 42, 44, 45). Unlike the rather blunt caudal 
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hairs, the vibrissae have very long slender tapering points. This 
apical pigmentless portion of the hair (fig. 45) is composed of 
cortex and cuticle alone. 

J. Supraorbital cilia 

The supraorbital cilia, of which there are but two on each side, 
occur immediately above the eye. Next to the vibrissae these 
cilia (including the post orbital cilia as well) are the most con- 
spicuous hairs on the body. The posterior c ilium is about 15 to 
20 mm, in length, while the second which is slightly anterior to 
the first is only about two-thirds as long. This difference in 
length is a constant character. 

Slightly posterior to and below the eye is found another similar 
hair— the postorbital cilium—which is about the same in length 
as the more posterior of the supraorbital cilia. 

As in the vibrissae, most of the pigment occurs in the cortex. 
The cuticular striae are a little more prominent and the medul- 
lary cylinder shows more of a tendency to become segmented. 

6. Hair of the ears 

Several types of hiiirs are peculiar to the external ear. One of 
these occurs on the outer surface near the anterior margin. 
These hairs are similar to those of the tail stripe but differ from 
them in some respects. The cortical pigment, which is arranged 
in striae, is less dense, and the medullary cylinder is segmented 
in a very regular fashion. There is but a single row of axial pig- 
ment bodies, which adhere very regularly to the proximal wall 
of the air spaces. A second type of hair found in the same region 
is quite unlike any other hair found on the body. These hairs 
are much longer than tliose just described and have no medulla. 
The pigmentation of the cortex is less intense, while the cuticular 
ridges are much more pi'onounced tliaii in any of the types of 
hairs thus far described with the exception of the body hairs. 
These hairs, it ma}' be added, are relatively sparse. !Most of the 
hairs found on the inner surface are without pigment. The 
medullary cylinder is very regularN segmented as in the similar 
pigmented hair of tlie outer surface. 
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In mammals, it appears to be generally true that exposed areas 
of the skin tend to become pigmented, whereas regions protected 
from the light remain relatively free from pigment. This rela- 
tion between depth of pigmentation and exposure to light is well 
seen in the ear. The basal portion is covered with short agouti 
hairs. Here the skin is unpigmented. The distal part of the 
ear which is almost hairless is heavily pigmented. 

7. Hair of the feet 

The ectal and parts of the plantar surfaces are covered with 
short closely appressed hairs which are entirel}" pigmentless. 
They are about the same in diameter as the agouti hairs, but are 
less than 1 mm. in length. Most of these hairs appear to be 
identical in structure with the distal, pigmentless zone of the 
underfur on the vent rum. Some of them, how’ever, resemble 
more nearly the pigment less hairs of the tail. 

Ihe most conspicuous hairs on the manus are found in small 
tufts on the outer surface of the wrist. They are of about the 
same length as the agouti hairs but quite different in structure. 
The medulla is very much reduced or absent and the cortex is 
marked with dim stria t ions such as those seen in the vibrissa e. 

The theory has been advanced by Friedenthal (Tl) and others 
that in the phylogenetic development of the hair coat in mammals 
the so-called sinus hairs (vibrissa e, supra-, and postorbital cilia, 
etc.) w’ere the first to appear. There are a number of facts for 
which the theory offers a plausible explanation. As already 
noted in the description of the juvenal ])elage, tlie vibrissae and 
supraorbital cilia lire the only hairs present at birth. Further- 
more, after a comparative study of a large number of mammals, 
Friedenthal found that in the almost hairless forms, the sinus 
hairs are persistent throughout. It may ])e further noted that 
throughout the various orders of mammals, the vil)r issue have 
undergone relatively little differentiation as compiired to the 
diversity in the structure of the body hairs. 

As figured by Friedenthal, the l^ody liairs of a young ant eater 
(Man is) are very similar to the distal part of the vibrissae in 
Peromyscus. There is no medullary cylinder, and the cuticular 
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striae are barely perceptible. In the tanrek (Centetes ecaudatus) 
an insectivore from Madagascar, the medulla is present and very 
similar in form to that in the vibrissae of Peromyscus, although 
relatively somewhat smaller. The body hair of Echidna is 
without a medulla, but in the disposition of the cortical pigment 
and in the relatively smooth cuticle looks very much like the 
vibrissae. The same striking similarity is seen in the body hair 
of the Kangaroo and Ornithorhynchus. 

If we may regard the hairs of the lowest mammals, in general 
as approaching most nearly to the primitive condition, then it 
may be said that, in structure, the vibrissae, supra-, and post or- 
bital cilia and the hairs on the ear and feet, in which the medulla 
is reduced or absent, are the most primitive hairs on the body. 

0. ^vv.nvw DIFFEltKXCES IX MOLT 

In a few groups of mammals, the molts of allied genera have 
been found to differ to some degree. Reference has already been 
made to Jackson's description of generic differences in the molts 
of moles (see p. 13). Nelson ('09) finds that American rabbits 
may be separated into two classes by peculiarities of molting: 
1) those which have but one annual molt and, 2) those undergoing 
a vernal as well as an autumnal change of pelage. In some 
instances, tlie species in the two groups belong to different sub- 
genera of the same genus. Osgood ( 09) has found some indi- 
cations of a similar condition in Peromyscus. Mice of this genus 
ill general undergo but one annual change of pelage. However, 
in the case of P. mclanotis, which is found at high altitudes in the 
mountains of central Mexico, there are apparently two annual 
molts. 

The fairly definite manner in which the postjuvenal pelage is 
assumed in P. m. gamboli suggested the possibility of the exis- 
tence of specific differences as regards points of origin and 
directions of growth of the incoming pelage. Accordingly, the 
molts of several otlier species were investigated. 

As shown in figure 9, in P. eremicus fraterculus, the post- 
juvenal pelage first ap]>oars on the surface of the skin, on the 
median ventral surface slightly posterior to the forelimbs. From 
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these centers, growth proceeds peripherally, and the greater part 
of the ^Tntrunl is covered before the molt wave readies the 
dorsum. In gamheli, it will be recalled, tlie postjuvenal pelage 
first appears to surface view on the forelimbs. In eremicus, on 
the other hand, it is first seen between the mid-points of the sides 
and the hind limbs, and the change may be well under way before 
the foreliinbs are invested. Otherwise, the process is much the 
same as in gambeli. 

In P. calif ornicus insignis (figs. 7 and 8) the postjuvenal 
pelage first appears in the axillae and on the forelimbs. The 
incoming hair appears almost or quite simultaneously in the 
two regions. Aside from the differences as regards points of 
origin the molt is essentially the same as in P. eremicus 
fraterculus. 

The points of origin of the postjuvenal pelage of Miis musculus 
are shown in figure 6. In other resjiects the molt is very similar 
to that of the species of Peromyscus above described. 

No dilTerences have been found in the postjuvenal molts of the 
three subspecies, sonoriensis, rubidus, and gambeli, all of which 
occur within the state of California. However, in the subspecies 
austerus which inhaliits the Puget Sound region the process 
appears to be somewhat different from that in tlie C’alifornia 
forms. 

In the series of more than two hundred skins representing this 
subspecies in the Museum of Vertebrate Zoology , there are 
fifty-eight which show various stages in the transition from the 
juvenal to the postjuvenal pelage. 

Of these skins, five sliow early stages of the process. In all 
of these, the molt is obviously unlike the corresponding stages in 
gambeli. It is evident from these skins that I he new pelage does 
not appear first on the forelimbs or at the point of the jaw as in 
the CJalifornia races. While in all cases the molts ani too far 
advanced to show the initial stages, it is clear that the points of 
origin are on the posterior ventral surface. Molt may be well 
under way before the incoming hair appears on the throat and 
forelimbs— the first regions to undergo jnolt in gambeli. Another 
difference which appears to be characteristic is the position of 
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the region on the doi’sai median line where the lateral areas of 
post ju venal pelage coalesce to form the saddle ffig. 18). This 
is farther posterior than in gambeli. 

If these few skins may be taken as indicating the typical con- 
dition in austerus, we have, then, a case of differentiation in 
the mode of molt in siiijspecies widely separated geographically. 

10. UJCGEXEIIATIOX 

dhe effect of the cutting of hair upon its subsequent growth 
has been studied by Remesow (’93) and Bischoff (’98). Rabbits 
and dogs were used by Remesow in his experiments. His 
method was to remove the distal, medial, and proximal third of 
the hairs on selected areas on successive days. Five or six days 
later, the skin of the ojh' rated region was extirpated, stained and 
sectioned. Skin from the corresponding area on the opposite 
side of the body was used as a control. The cells of the roots ot 
the clipped hairs were found to be larger and there was a sig- 
nificant increase in the niim]')er of mitotic figures. Remesow 
concluded, therefore, that the clipping of hair resulted in increased 
growth. 

Bischoff repeated the experiments of Remesow, using precisely 
the same methods and the same animals, but with negative 
results. Bischoff regards the diserejiancy in results as due to 
Remesow ’s failure to count the mitotic figures in a sufficiently 
large number of hair roots. 

My own studies of the regeneration of hair, which I have 
described in a former paper (TS) have been confined exclusively 
to Peromyscus. Restoration was found to occur both when 
patches of hair were removed by clipping close to the skin and 
by plucking out. As iu new-born mice, the appearance of the 
new growth of hair is preceded by an intense darkening of the 
skin. This intense pigmentation of the skin is shown in figures 
48 to 51. 

In the case of juvenal mice, it was fouml that the normal mode 
of assumption of the post juvenal pelage could be profoundly 
modilied by the artificial induction of regenerative processes. 
Ill these experiments, a total of about forty g.aiubeli were used 



Fig. 6 Diagram, showing by the stippled areas, the points of origin of the 
poatjuvcnal pelage in Mus musculus. 

Figs. 7 and 8 Diagrams showing points of origin (stippled areas) of the 
postjuvenal pelage in P. californicus insignis. 

Fig. 9 Diagram showing point's of origin of j)ostjuvcnal pelage in V. eremi- 
cua fratercuUis. 

Figa. 10 and U Diagrams showing points of origin of postjuvenal pelage 
in P. m. gambeli. 
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varying in age from two and one-half to seven weeks. The mice 
were etherized and the pelage removed by plucking out with the 
fingers. The hair is quite loose, especially just previous to a 
molt and may be quite readily removed in this manner without 
injury to the skin. In most cases the following regions were 
. operated on : 

1. The median dorsal region of the head from the tip of the 
snout to the base of the skull. 

2. The hips and thighs. 

3. About 1 sq.cm, between and anterior to the forelimbs. 

4. About 1 sq.cm, in the mid ventral region, just anterior to 
the hind limbs. 

If replacement on the depilated areas were to follow the normal 
sequence, the order would be as follows: 1) throat; 2) posterior 
ventral area; 3) dorsal lumbar region; 4) dorsal head region. 
Moreover, as already noted, ^ the dorsal head region is normally 
invested some weeks after the appearance of the new pelage on 
the throat and forelimbs. 

Instead of following this order, restoration on the head pre- 
ceded that on the hips and hind limbs — an inversion of the 
natural order. Growth was found to be almost simultaneous on 
the two denuded areas of the ventral surface, while the pelage 
of the hips was the last to be replaced. Without exception, 
removal of the juvenal pelage is followed, not by a new growth 
of juvenal hair, but by the precocious appearance of postjuvenal 
pelage on the depilated regions. 

A similar instance of the premature appearance of hair char- 
acteristic of a later pelage has been described by Schultz (IS) 
in the Himalayan rabbit. In this animal which is a pink-eyed 
albino with black feet, muzzle and ears, the black markings do 
not appear in the juvenal pelage. By plucking out the hair on 
one ear, Schultz obtained animals in which one ear was black, 
while the other remained white until the next pelage was assumed. 

In order to study the details of normal molt in adult mice, the 
old pelage was removed by clipping close to the skin. In all, 


* See page 51) above . 
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seventeen adult gambeli were included in this series. The mode 
of replacement was found to be so irregular that the primary 
purpose of the experiment was not attained. Nevertheless, as 
a study of regeneration the experiment seemed worth while. 

Despite various irregularities and individual differences, 
there were some suggestions of the normal process. Replace- 
ment occurred first, as a rule, on the throat and forelimbs. The 
investment of the ventral surface preceded that on the dorsum, 
while in genei'al the molt proceeded from before backward. 

The most obvious departure from the normal process was the 
appearance of more or less numerous small isolated patches of 
hair on the posterior half of the body. These 'hair islands’ which 
appeared simultaneously with the new pelage bn the throat and 
forelimbs, were usually more in evidence on the dorsal surface. 

After the new hair on these ‘islands’ and on the foreliinbs and 
throat had attained its full length there were no further evidences 
of regeneration for a period varying in different individuals 
from one to four months. Then incoming hair appeared sim- 
ultaneously on all of the bare spots between the ‘islands’ except 
on the rump where, in most cases, replacement had not occurred 
when the animals were last examined, live months after the 
operation. The appearance of ‘hair islands’ was observed by 
Schultz in the course of his studies of regeneration of hair in 
rabbits. This investigator found after shaving large patches 
on the dorsal and ventral surfaces of an adult black and tan 
rabbit that restoration was accomplished quickly on the ventral 
surface while the operated area on the dorsum, with the exception 
of a few small patches remained bare for a year after the operation. 

The individual differences which I have ol)served in my mate- 
rial in the period of time between the removal of hair and the 
first evidences of its regeneration as indicated by the darkening 
of the skin suggests a possible explanation of Bischoff’s failure 
to confirm Remesow’s results. In repeating Remesow’s experi- 
ments Bischoff used, in one case, a single dog and in the second, 
three dogs of different ages, one cat and one pig. In view of the 
small number of animals used, it appears quite probable that, 
as an accident of individual variation, Bischoff ’s material was 
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somewhat slower than that of Remesow in responding to the 
conditions of the experiment. This would make possible the 
discordant results obtained by the two investigators. 




74 T5 76 77 78 79 80 81 8a 85 84 85 86 87 88 

Fijr. 12 (above) Kistofj:rams showing the frequency distributions of the per- 
cent age of black in tlie pelage of the parent series of the buff and dark extremes 
in V. m. gainbeli. Vertically shaded areas represent the buff animals, hori- 
zontally shaded areas, tlie dark animals. Abscissas denote percentages of black; 
the ordinates denote the number of individuals. 

(Below) Percentage of black iji the pelages of the buff and dark offspring. 
Shading a.s before. 

11. THE NATVRK OF COLOR VARI.VTIOXS WITHIN A SUBSPFXTFS 

The marked variability of mice of the genus Per omy sens not 
only as regards color, but with respect to other characters as 
well, is apparent from the fact that Osgood (’09) lists about forty 
distinguishable geographic races of the species whose differences 
are of such magnitude as to warrant the description of many of 
them as distinct species, were it not that they are connected in 
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all cases by intermediate forms. Furthermore, in the words of 
Sumner (^17): ‘‘these subspecies themselves are far from being 
elementary. They arc composite groups, comprising, in many 
cases, a number— perhaps a great number— of distinguishable 
local types.” 

One of the initial steps in attacking the problem of the sig- 
nificance of subspecific differentiation is to determine whether 
the differences in question are somatic or genninal. In a dis- 
cussion of ^ontogenetic species,' President Jordan ('05) some 
years ago called attention to the need of distinguishing between 
those species and subspecies whose differential characters are 
impressed upon each generation anew by the action of envi- 
ronmental agencies during the life time of an individual, and 
those groups whose characters are in he]- i ted. For it is obvious 
that those factors of the environmental complex whose effects 
upon the organism are limited to modifications of individual 
development are not concerned in the origin of species. 

The transplantation experiment. s of Sumner ('15) involving 
several geographic races of the species inaiiiculatus have shown 
that the differences which characterize these races are not somatic 
but heritable in character. Subsequent researches (Sumner, 
T8) have shouui that not only are the larger differences, including 
color, which distinguish the main races heritable, but the same 
is true of certain lesser differences which distinguish narrowly 
localized subraces. Furthermore, certain individual differences, 
e.g., tail length and width of tail-stripe, within a race have been 
found to be to a high degree heritable. 

My own studies of individual differences within a subspecie.s 
have been limited, almost exclusively, to a' a nations in the color 
of the pelage in the subspecies gambeli. The frequent occur- 
rence of sporadic local color variations, especially prevalent in 
western representatives of the genus, quite naturally suggests 
that these differences are due to enviromnental causes and pro- 
duced in one or at most in a few generations. 

The range of variation in color with in the subspecies gambeli 
is shown in figures 54 and 57 of plate 7. By subjecting a series 
of skins representing the two extremes to color analysis, it is 
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possible to express these differences quantitatively. The vari- 
ations in the various color components are shown by means of 
the histograms in figures 12, 13, and 14. These figures show the 
buff and dark extremes in a series of over four hundred specimens 
taken in the vicinity of La Jolla, each extreme being represented 
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Fig. 13 (above) Variation in percentage of white in the biitT and dark parents. 
(Below) Variat ion in percentage of white in the buff and dark offspring. 

by twenty individuals in adult pelage. When the two series of 
skins are compared, the differences in color are quite obvious. 
In fact, if the buff and dark exti ernes of La Jolla gambeli were 
found in nature inhabiting different regions, they would undoubt- 
edly be regarded as belonging to different subspecies. 
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As shown by the histograms, the greatest difference is in the 
percentage of orange-yellow, while the difference in the percent- 
age of black is almost as great. Although the histograms in the 
case of white show a great deal of overlapping, the curve is evi- 
dently bimodal and the difference in the means is probably 
significant. 

In order to determine to what extent these differences in color 
were due to fading and abrasion, the following experiment was 
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performed. A series of about twenl\^ adults were trapped shortly 
before the period of the autunmal molt. Taking advantage of 
the discovery that the removal of hair is ])rom])tly followed i)y 
its restoration, the pelage fnnn tlie dorsal metlian line to the 
ventral white on one side of the body (inly was removed. Within 
a month, in most cases, restoration on the depilated area was 
complete. It was thus possible to compare ol<l and new pelages 
on opposite sides of the body of the same individual and to 
determine directly the color differences due to fading and wear. 
These skins were put through the process of color analysis and 
the differences stated quantitatively. As shown in table 4, 
these differences are very small comjiared to those shown in the 
histograms in figures 12, 13, and 14. 
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That the color differences in question are not due, as has been 
suggested, to differences in habitat is shown by the persistence 
of the buff and dark exti'eines of variation without diminution 
in cultures reared in captivity under identical conditions. In a 
few cases mice of buff and of dark ancestry have been followed 
through four generations, and have been found to retain their 
differential characters. 
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Fig. 14 (fihovo'/ V.ariation in percentage of orange-yellow in the parent series. 

(Below) Variation in percentage of orange-ycliow in the offspring. 

It has boon siipj^osed by some students of the group that the 
buff condition represents the very old individuals in contrast to 
the supposed normal adults. In agreement with Osgood ( 09), 
I find this to be erroneous. Several years ago a series of ten 
cage-born gambeli were set aside from the general murariiuu 
stock and designated as the 'oid-age culture.’ It was the pur- 
pose to determine the length of life and to ascertain something of 
the changes incidental to old age. After a lapse of five years 
six of the original ten survived. This series showed no evidence 
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of passing from the dark to the buff extreme with advancing age.® 
This conclusion is substantiated by similar observations on larger 
numbers of adults varying in age from two to three years. 

Having determined with some degree of exactness the extent 
to which coloration is affected by fading and abrasion, old age, 
and local differences in habitat, it is observed that the extreme 
differences under consideration remain unaccounted for. The 
conclusion that these differences, which cannot be ascribed to 
the factors previously considered, are germinal is, I think, quite 
obvious. That this is true was demonstrated by the following 
experiment. 

From a series of more than four hundred gambeli trapped in 
the vicinity of the laboratory under fairly uniform conditions in 
nature, twenty individuals representing each of the two extremes 
in the range of color variations were selected as parents and bred 
inter sc. As is shown by the histograms in figures 12 to 14, inclu- 
sive, the color differences in the two parent lots were found to 
persist in their offspring. In each of these figures the upper 
and lower histograms represent parents and offspring, respec- 
tively. The vertically shaded (buff) young are the offspring of 
the buff members of the parent series, the horizontally shaded 
(dark) young being the offs[)ring of dark parents. 

The significance of the differences of the means in the parent 
and offspring series has been determined with respect to each of 
the color components, by computing their probable errors, using 
the formula: 

V(probable error of tirrit meunj- 4- (i)roboblL‘ error of thesecoiHliae;in^^ 

where the probable error of the mean is equal to: 

±0.074.5 X standard deviation 
\'nuin})er of t(‘rin.s in series. 

The means, their differences, and the probable errors arc given 
in table 5. In every case the differences are found to be sta- 
tistically significant. Even in the percentage of white in the 

^ The last survivor of this group died at the age of five years, ciglit months. 
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buff and dark offspring where the histograms show a great deal 
of overlapping, the difference of the means is eight times the 
probable error, 

iVs the result of crossing the buff and dark extremes, a series 
of forty-three offspring was obtained. When examined in the 
adult pelage these P i mice were found to be intermediate in 
coat color, though a few individuals closely approached the 
condition of the buff and dark parents, dhe F 2 generation com- 
prised a series of thirty-five animals, some of which, however, 



BLACK 

WHITE 

OnASGE-YELLOW 

Mean percentages 

Buff parents (20) 

Dark parents (20) 

Buff offspring (29) 

■ 78.25 0.32 ■ 

8.3.65 ± 0.21 ^ 

78.90 i 0.24 

6.40 ± 0.19 

5 .55 i O .Li) 

6 79 ± 0 19 

14 90 ± 0..32 
7.75 ± 0.18 
14.17 ± 0.28 
6.70 ± (.).26 

Dark offspring (27 ). . . . 

^ S4.48 ± 0.23 i 

8.70 ± 0.15 

Differences of the means 

Parent series. . . . 

5 40 ± 0 :is ■ 

2.15 ± 0 24 
1.91 ±0.24 

i .15 ± 0 . 3( 
7.47 ± 0.3S 

Offspring series. 





were not in full adult pelage when the experiment was brought 
to a close by my leaving La Jolla. When the freshly killed 
animals of the Fi and Fn lots were compared in the flesh, the 
range in color appeared to be about the same in each. 

It is quite obvious that the so-called ‘buff' and ‘dark^ phases 
are not inherited in simple Mendelian fashion as are the color 
mutations ciescribed by Sumner (*18) in Peromyscus and as the 
color phases in some of the birds, the screech owls, for example, 
appear to be. On the other hand, the genetic behavior of these 
intra-racial differences, like that of the similar differences which 
distinguish the various races is of that type which is regarded by 
some of our present day biologists as ‘blended inheritance,’ in a 
non-Mendelian sense, by others as a complex case of Mendelian 
inheritance in which multiple factors are involved. 

Similarly, the color differences within the desert race, so- 
noriensis, which is described by Osgood (’09) as somewhat dichro- 
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niatic, appear to be heritable. A few individuals representing 
the light and dark extremes were selected and mated. The 
light culture proved to be sterile, but from the dark mating, 
twenty offspring were obtained. These were compared with the 
skins of the light and dark parents, and were found to belong 
distinctly to the latter category. As regards the subspecies 
rubidus, Sumner (MS) has a record of an exceptionally dark pair 
whose young were also dark. 

In view of these facts, I am inclined to the view that throughout 
the genus as a whole the differences in color described as dichro- 
matic and which have lead to the description of ‘pale’ and 'dark,’ 
or ‘buff’ and ^gray' phases are mainly genetic in nature. 

This conclusion is somewhat at variance witli the view that 
mice of this genus are very plastic as regards coloration and re- 
sponsive to slight changes in the environmental complex— a view 
which appears to be fully warranted when we recall the numerous 
sporadic variations often of an extremely local character which 
are encountered in nature. Nevertheless, there are certain 
facts not yet considered which show that coloration within a 
subspecies may remain unmodified even in the face of marked 
changes in the environment. Although Osgood f'09) says of 
gambeli that “Specimens slightly darker or lighter than the 
average may be found almost anywhere in the range, as the 
animal seems to respond to local environment very readily ”(p. 70), 
nevertheless he finds that ‘‘In spite of this frequent variability 
gambeli is not a respecter of zones, as appears in many localities, 
notably on Mount Shasta where it ranges unchanged from the 
base of the mountain to the rocky cliffs above timberlinc ” (p. 70). 

The desert race, sononensis, seems likewise to be nr) respecter 
of zones. In a series of seventy-six skins in the collection of the 
Museum of Vertebrate Zoology, collected in localities ranging in 
altitude from -178 ft. in Death Valley to 11,000 ft. in the Wliite 
Mountains, I find no significant differences in color. In fact, 
there appear to be no greater differences in this series as a whole 
than are to be found in a series of similar size taken in one local- 
ity in the AIoha\^e Desert. 
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Perhaps the most striking instance of the relative stability of 
these color differences is to be found in some of the mice reared 
in captivity. The structural modifications exhibited by cage-born 
mice are described by Sumner (T8) as follows: 

‘‘It was early found that the cage-born mice depart from the 
wild type in certain rather striking respects. They are, on the 
' average, considerably smaller than the latter, and have tails, 
feet and ears which are shorter not only absolutely but relatively. 
In extreme cases these malformations may fitly he termed 
deformities'* (p. 291). Now in view of the fact that color is 
frequently the most obvious, and in some instances practically the 
only criterion by means of which geographic races may be dis- 
tinguished, it is surprising to find that this character appears to 
be as a rule only slightly or not at all affected by the conditions 
of captivity. 

As pointed out by Sumner {T8), certain regions of the skin are 
more or less heavily pigmented, though the skin is devoid of 
pigment over the greater part of the surface of the body. The 
regions showing the presence of pigment most clearly are the 
ears, the tip of the snout, plantar surfaces of the feet, and the 
scrotum in males. The pigmentation of these areas is most 
intense in laibidus, the darkest race, and least marked in so- 
noriensis, the palest of the contrasted races. By comparing the 
average grade of foot ])igmeutation in the paler and darker 
halves of series of gambeli and sonoriensis, Sumner ('18) found 
the averages for the darker halves to be slightly greater. The 
differences were so small, however, as to be of doubtful sig- 
nificance. Mv buff and dark series of gambeli afforded more 
favorable material for testing this pt)int, for here only the extremes 
of \'ariation iu coat color were utilized. As is shown b}’ the 
histograms in figure Id there is no e^ddence of a coi relation between 
the two pigmental ch a meters under consideration. While it is 
true that the mean grade of the dark series is slightly greater, the 
difference of the means is less than twice the probable error and 
may, therefore, be regarded as non-significant. 

If these intra-racial color differences and certain morphologi- 
cal differences, as well, are not attributable to the moulding 
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influence of environmental impacts upon plastic living material, 
then how are we to account for those peculiarities of distribution 
which seem to indicate so clearly a susceptibility to slight changes 
in external conditions? Wdiat of the origin of these minute her- 
itable variations? This is the fundamental problem of evo- 
lution, the solution of which apparently becomes more remote 
with each advance in this field of investigation. 
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12. SUMMARY 

1. During the life-cycle of mice of the genus Peromyscus, 
three pelages are assumed, namely, the juvenal, the postjuvenal, 
and the adult. 

2. The assumption of the postjuvenal pelage occurs in a fairly 
precise and definite manner somewhat comparable to molt in 
birds. There are definite points of origin and definite directions 
of growth. This process has been found to differ in different 
species. The later molts are much more irregular in character. 

3. Seven types of hair, characteristic of different parts of the 
body make up the adult pelage. These hairs are found to differ 
in microscopical structure. 

4. The formation of pigment and the growth of hair may be 
brought about, irrespective of season, by the removal of hair 
on any part of the body. The regular process of molt may be 
profoundly modified in the case of molts thus artificially induced. 

5. As a rule, changes in color due to fading and abrasion aie 
slight. The color differences observed within a subspecies and 
described as dmfP or 'light' and 'dark' or ‘gray' phases cannot be 
ascribed to seasonal changes through which any individual may 
pass during the yetir. 

G. These color phases are not due to environmental differences, 
acting during the lifetime of a single individual or even within 
a few generations. Individuals representing both extreme 
phases ha^T been taken in the same locality. Furtliermore, 
their descendants, reared in captivity under identical environ- 
mental conditions for several generations, have bred true to 
type. 

7. The buff or light phtises do not, as has been suggested, 
represent old as contrasted with younger adults. Specimens 
kept in captivity for a pericKl of nearly six years have not under- 
gone any such change. 

8. The skins used in the study of color variations were sub- 
jected to color analysis and tiie differences have been treated 
quantitatively, 

9. Pigmentation of the feet was found to ^a^ry independently 
of the color of the pelage. 
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10. The differences in color are mainly genetic in character. 
The offspring of buff and dark parents are likewise buff and dark 
and, moreover, these differences are apparent soon after birth. 
These color phases are not alternative in inheritance. When the 
buff and dark strains are crossed, the offspiang are of an inter- 
mediate character. The ¥> generation is also intermediate in 
coloration. These results may with equal facility be regarded 
as due to ‘blending inheritance,’ in the original sense, or to the 
action of multiple factors. 
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IN rUODrCTION 

Reactions to li^ht iiave ]>roRably heeu more extensively stiulieil 
in insects than in any otlier ^rouj) of animals, aiul yet. while 
numerous facts having a profouiul hearing on the prolilem of 
orientation have been estahlisheti, there is practically nothing 
known as to precisely what reactions are involved in the proc- 
ess. ^^'e have theories tlemanding that the legs respond thus 
and so, hut no observations demonstrating how they actually 
do resjdond. lune tlieories demanding certain relations 

between various conditions of illumination aiul resjionse in the 

• l niu nuicli itulclitcd tu ihc Mariuc Biological haboraiory for excellent facili- 
ties used in some of the experiments described in the following pages, to IVof, 
James S. lliiie for generous assistanre in identifying the robberdly used, and to 
I‘r(»f. Win. I^. Dolley for vnlualde criticism. 
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locomotor appendages but no observations demonstrating pre- 
cisely what relations obtain. For example, according to the 
Ray-De Candolle ('32) theory of orientation in plants as applied 
to unicellular forms by Verworn in 1894 and to higher animals by 
Bohn in 1904 and Loeb in 1906- and accepted by Garrey (’18) 
and others, the process of orientation depends upon the relation 
in the rate of activity or movement of opposite sides of the 
organism. In an insect which is not oriented the legs on one 
side, according to this view, take longer steps and consequently 
move faster than those on the opposite side causing it to turn 
just as a boat turns when the oars on one side move faster and 
more efficiently than those on the other; and the rate of move- 
nient on opposite sides bears a delinite relation to the amount 
of light received by the two eyes, such that when this is equal 
the feet on opposite sides move at the same rate and when it 
is unequal at different rates. 

Bohn puts the matter very precisely in the following state- 
ments ('09 a, p. 9) : “The side which is more strongly stimulated 
by the light moves more rapidly than the other (marchera plus 
vite que T autre), and this results in a forced turning movement." 

-Garrey {‘tS, p. 101 ' implies that first views concerning orientation 

(’88i are in accord with his recent views. 1 cannot agree with him in this. In 
18S8 Loeb inaimained tha^ orientation in animals is determined by the direel i*m 
in whicli the rays j)enelrate tlie tissues and ma by ditTerence of iiiterusity on 
opposite sides of the organism. He says ('SS, p. 2i: "'Die ( Iricntirung der Thii*re 
gegen eine Lichtqiielle wird. wie boi den Pllan 2 en i,I. v. Sachs) bedingt durch die 
Richtung in welcher die Lichtstralilen die tierischen Gewebe durchsetzen. und 
nicht durch die I'literschiedc in der Lichtintensitiit auf den verschiedenen Seiten 
des Thieres.” It is coii»equentIv evident that l.oel) in LSS.S was in harmony with 
Sachs who consistently opposed He Candolle, 

In an explanatory footnote t’Oo. ]j. 2) dated lOOd ho says. '‘It is explicitly 
stated in this .and the following papers (hat if tltere are .several .sources of light 
of une(iual intensity, the light with tlie strong(‘St intensity determines t he orienta- 
tion and flirection of motion of the animal." 'I'liat is, orientation is not deter- 
mined by the relation in the illumination of opposite sides (»f the organism in 
accord with De ('andolle’s theory (’d2i a.s ;q)plied to animals by Wrwoim (’14). 
In 1900 Loeb, however, accepted the Dc Candolle N'erworii theory and applied 
it to higher forms. He says ('tXi, p. IdO) that orientation in symmetrical organ- 
isms is determined by the relation in the intcuisify of light on the ])hotosensii ive 
elements on fjjjposite .si<les. d'hus it is evident that Locb’.s first e.\])l:ina(ion 
of orientation differs fumlameatally from his more recent ('Xj)lanat i<)n. 
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(/09 I), p. 5) “Orientation (tropisme) presents itself to us as 
the forced result of the inequality of the same activities in the 
right and the left half of the borly, an ine<(uality which is pureh^ 
quantitative, not qualitative In other words, orienta- 

tion (tropisme) is not an activity dine activitc), it is the result 
of an inequality between certain activities, simple or complex, 
which occur on one side of the body and the same activities 
which occur on the opix)site side.'' 

(larrey expresses similar ideas in his work on theelTect of light 
on the tonus of the muscles in the legs of the robber-hy and its 
relation to orientation. He says (’IS, p. lOTj: ‘‘d'he legs on 
the side of the ilium in a te< I eye cannot be widely separated nor 
can those of tlie other side be easily apiiroximated. thus tending 
to ])roduce a wider are of jirngression on tlie side of the blackened 
eye.” If there is thus, as ( larrey says, a wider arc of progression 
on one side than on the other, it is evident that the feet on one 
side must move faster than those on the other side. Various 
statements m.ade by Loeb in reference to the process of orienta- 
tion lead to the same eonelusion. He says, e.g. ('13, p. 4G3>: 

eim nun ein 'tier seitlich vom Licht getrolYen wird, so wird 
eine Halfte des Xervensystems in starkeren 'Phototonus* geraten 
als die andere. Wenii i)ei einem solchen Tiere Impulse zu einer 
Lokomotion stall linden, so wirken die Iiiijndse nicht wie ge- 
wdhnlicli aid beide Seiten ties Tieres in gleieher Weise, somlern 
die mit b(‘iden Hirnhalfteii A'erbundenen Muskeln werden ver- 
schieilen stark arboiteii." and i’lS. p. S3); “Motile jdaiit organ- 
isms like \’olvux, are <1 liven to the source t>f light, owing to 
dilYerences in the tension of tlie contractile organs on the shaded 
and illuminated side, and the sauu' is true for animals like in- 
sects." i’att on also a]i]x\ars to have the same idea as to the 
mothorl of orientation. He says ('19. \). 157) : "Orientatiou 
is attained and maiutaiue^l by a transmission of impulses to 
the muscles of locomotion which is proportional bilaterally 
to the excitation of tlie symmetrically located ]')hoto-i'eceptors.'' 

.\ceording to those explanations, therefore, orientation is 
the result of a balance between the elTect of the rate or extent 
of movement of the locomotor a})i>eiKlages on opposite sides, 
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just as it is in a row boat which has no rudder and is propelled 
and guided with oars, the rate of movement in the appendages 
is directly proportional to the amount of light received by the 
receptors connected with them, the processes involved are not 
dependent upon the location of the stimulus in the receptors, 
the stimulating agent acts continuously, not intermittently, 
and the orienting stimulus continues after the organism is 
oriented just as it does during the process of orientation. 

Views concerning orientation which are in all essentials in 
accord with these characteristics have been designated ‘‘the 
ditlerence of intensity theory/' “the continuous-action theory," 
“the tropism theory," ‘‘Loeb’s tropism theory," '‘the Verworn 
theory," “the muscle tension theory," and “Loeb’s muscle 
tension theory." I shall in the following pages refer to them 
as the De Candolle A Vrworn or the Ray- Warworn theory or the 
tonus hypothesis. 

The object of the experiments and observations described 
in the following pages was primarily to ascertain the move- 
ments involved in the process of orientation in insects and the 
relation between these movements and various conditions of 
illumination. Is orientation in insects dependent upon the 
relation in the rate of movement of the locomotor appendages 
on opposite sides as it is in Volvox: is it dependent upon bending 
of the body as it is in cartliwonns, Tiirbellaria, Arenicola jmd 
blow-fly larvae; is it dependeiit upon the pfjsition of a median 
locomotor appendage as it is in Kuglena, tadpoles and fishes; 
or is it dependent upon the direction of movement of the loco- 
motor organs as it is in '^ome vertebrates and in automobiles*^ 
What is the relation between the mo\ements of the locomotor 
appendages resulting in orientation and the location of the 
stimulus in the photo-receptors; how does the stimulating agent 
act in controlling these movements, and whwt is the relation 
in magnitude between the energy received and the response*/ 
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MATERIAL, METHODS AND OENEHAL BEHAVIOR 

The drone-fly, Eristalis teiiax, is found about flowers through- 
out the entire summer. Toward autumn when the nights 
grow cool it often comes into buildings in considerable numbers. 
Pnactically ail of the specimens used in the following experi- 
ments were found in the Zoological Laboratory of the Johns 
Hopkins Lniversity. Just why these creatures come into build- 
ings at this time of the year is not clear. It may be that this 
phenomenon is associated with hibernatir)n. Eristalis responds 
to light very definitely and precisely. It is hardy, does not 
feign death to any marked degree, if at all, and can be kept in 
the laboratory in excellent condition for several weeks if it is 
provided with sugar, fruit juice, and a faii'ly humid atmosphere. 
It is consequently very favorable for certain work on reactions 
to light. 

J he robber-flies are usually fljund in dry, hot. sandy places 
sitting motionless, fully exi)osed to the sun. This habit is 
associated with tlie pro(‘ess rJ feeding. They live on other 
insects which are captured much as a lion captures its prey. 
\\ lien an insect suit:ible for food comes within striking distance 
the robber-fly suddenly darts into the air after it, seizes it with 
its claws aiul brings it to the ground. It apparently feeds only 
on insects that it catches itself, for it will not accept insects 
brought to it either ilead or alive, nor will it catch insects when 
confined to the labtiratory uhere it conseipiently lives only a 
few days. 

Death-feigning is marked in the rol)her-fly. It will hold 
witliout any observable tuoveinent, for several minutes at a 
time, almost any position in which it is put. If, e.g., the body 
is pushed sidewise so as to make the insect lean strongly to one 
side or if the abdomen is raised so as to make the animal appear 
as though it were standing on its head, or if a leg is raised to an 
abnormal iK)silion it retains this position for considerable periods 
of time. This is an imi>ortant point which will he referred to 
later. It shows that the degree of tension of muscles in the 
legs of the robber-fly (tonus) may be entirely independent of 
the immediate action of the environment. 
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The robber-fiy is \'ery active and agile on the wing, but very 
slow and sluggish on foot. On smooth surfaces, like glass, 
e.g., it has great difficulty in walking at all. On surfaces like 
ordinary paper it can walk much better, but even on these 
its movements are so slow and so uncertain that the observa- 
tions often become tedious and exasperating. There are, 
however, some advantages in this slowness of movement, since 
it facilitates following and recording the responses. 

Nearly all of the observations were made in a large dark room 
provided with tungsten and Nernst lamps mounted in light- 
tight boxes so constructed as to produce well-defined beams of 
light of the size and intensity desired. 

Asphalt varnish was used to cover the eyes in all experiments 
with blinded or partially blinded specimens. To cover the 
eyes sufficiently to prevent stimulation by light it was found 
necessary to apply with considerable care, i)referal)ly under 
a lens, several layers of varnish. In many instances the effi- 
ciency of the covering was tested at the close of the ex])eri]nent 
by covering both eyes and noting the eilect of illumination. 
All records obtained from specimens in which the covering was 
in any way defective were discarded. 

ORIENTATION IN NORMAL SRKOLMENS ON LOOT 

Erislfdis. Eristalis is strongly positive in its reaction to 
light and it orients fairly precisely. If the direction of the rays 
is suddenly changed after a specimen is oriented it turns directly 
without trial or random movement until it is again oriented. 
If the direction of the rays is only slightly changed it is di flu* nit 
to ascertain precisely what reactions in the legs are involved 
in the process of reorientation, but if tlio ilirection of the rays 
is changed through 00 degrees so that the light strikes the auimal 
at right angle.s to the longitudiied axis it can be ^'cry clearly 
seen that the turning toward the light is not primarily due to 
a difference in the rate of locomotion, a difference in the size 
of the steps on opposite sides, but to a change in the direction 
of the movement of the feet on both sides. It can bo seen tliat 
in both of the front feet there is a marked sidewise movement 
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toward the light, that in the two middle feet there is a similar 
movement but less marked while in the hind feet there appears 
to be no lateral movement at all. It can also be seen that in 
these lateral movements there is an increase in the extension 
of the legs on the side toward the light and an increase in flexure 
in those on the opposite side^ (fig. 1, B). If the light is moved 



Fijt. 1. A. camera outline of Kris^talis in resting ])osit ion. B, ?kotch indicating 
direction and extent of movement of the front feet toward light during ]>TOcess 
of orientation with rays at right angles to longitiulinal axis. Arrow, direction of 
ray.s; ])roiecte<l inin. scale. 

laterally far enoiigli so that the postero-lateral surface of the 
eye l)ecoincs most highly illuminated, the flies under certain 
conditions -turn so sliarply that there is no locomotion whatever, 
the feet on tlie illuminated side moving backward at the same 
rate as those on the shaded side move forward. In turning thus 
both t)f the front feet move laterally toward the light, while 
both of the hind feet move laterally from tlie liglit -b 

’ (larroy ('IS. p, lOdi luaintain;! that just tlic opposite obtains in the robber-fly, 
Proct acanthus. He ctuitcnds tliat turning in the process of orientation and 
turning in circus movements are the same, and that in both the legs are strongly 
flexed on the side toward whieli it turns and well extended on the opposite side. 
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Erax, Erax, like Eristalis, is photopositivc, hut orientation 
in the former is not nearly so prompt and precise as it is in the 
latter. In the laboratory Erax rarely moves at all, no matter 
where the light is situated, unless it is touched and then it 
frequently merely moves the part touched, e.g., a leg or the 
abdomen. Moreover, without moving the feet it has a teiulency 
to extend or flex the legs in such a way as to move the head 
toward the light no matter where it may be. If the light is 
above, the front legs are extended downward so as to raise the 
iiead: if it is below they are flexed so as to lower the head; if 
it is to the right both front legs are extended to the left so as 
to move the head to the right : and if it is to the left they are 

extended to the right so as to move the head to the left. In 

the lateral movements of the head to the right or left the entire 
body usually leans strongly in the tlirection in which the head 

is moved. This leaning or tilting of the body is like that ()!)- 

served in specimens with one eye covered. The moving of the 
head and the leaning of the body toward the light a])])ears to 
be an attempt to orient. The head is extended toward the 
light as far as possible without mo^’ing the feet. This is an 
important point which will be referred to again in the section 
on the reactions of specimens with one eye covered. If the feet 
move and the body becomes oriented, the movements are es- 
sentially the same as they are in the process of orientation in 
Eristalis. That is tliey juove laterally, l)ackward or forward, 
depending upon the location of the source of light. 

These results seem to indicate clearly tlnit orientation in 
insects is dependent upi>n the direction of ino\'enien( of the 
feet rather than upon the rate of movement, as Bohn et ah 
maintain, and that the character of the response In the legs 
during the process of orientation is specifically related to the 
location of the stimulus in the Qye. It cannot he accounted 
for on the assumption that it is due solely to difTerence iu the 
amount of light energy received by the two eyes in accord with 
Loeb’s most recent explanation of orientation (’IS). This 
conclusion is strongly supported by results obtained in various 
other observations describe<l in the following pages. 
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ORIENTATION IN NIHCMAL SPKCIMKXS ON THE WING 

Both Eristalis and Krax are phutopositive on the wing just 
as they are on foot. Detailed observations on the process of 
orientation were, however, made only on the former. 

When Eristalis is set free in an ordinary room, it flies fairly 
directly toward the window. Orientation is, howe^■er, not 
very precise. This is clejirly shown by the results obtained 
in the following experiment. 



‘J Sk<'rrh is towani the 

>sf(*r()-hit eral surfju'e of ojh' cyr. tlu' Kytis nis (tnt' shI.- tnm'r {''I’wnril while those 
on the otlier nmve i^rickwanl in the ]o-ore"r« ..f .irimtation, Straijzht arrow, 
(hreetion i)f rays; rnrvea arrow ilirertion of r!;o\T!n( Jsi of uao . ('omparo with 
figure I , 


In October. 1!>20, a 2)l)(Mvatt tungsten lamp was mounted 
in one end of a l)lack box 140 cm. heig and do cm. square in 
cross section, and so ai'ranged in a large dark room as to pro- 
tiuce a well-defined hori/ontal beam of light directed against 
one of the black side-walls of the room without direct illumina- 
tion of either the floor, the ceiling or the other side-walls. In 
this beam twenty specimens were set free, one at a time, at a 
distance of 8 m. from the lani]>. All of the specimens flew to- 



ns 


S. 0. MAST 


ward the light, but only one oriented accurately enough to get 
into the box. The rest left the beam before they reached the 
box, some at the right or at the left, others above or below. 
These results show that while orientation in Eristalis on the 
wing is not very precise, it takes place in referei^ce to the \'ertical 
as well as the lateral plane. This conclusion is supported by 
the results obtained in the following obser^’ations. It is of 
especial interest since it has a direct bearing on the explanation 
of orientation as will be shown later. 

Several methods were used in making observations on the 
process of orientation in the vertical plane. The results ob- 
tained were essentially the same in all, but they were more 
definite in the following than in any of the others. 

Two 40-watt Mazda lamps situated 125 cm. a]>art on a verti- 
cal hne were so arranged and screened as to produce two rather 
large beams of light which crossed each other in a horizontal 
plane passing through a point half way between the two lamps 
(fig. 3). The lamps were connected with a two-way switch 
in such a manner that when one was turned on the other was 
simultaneously turned off. A fly whieh oriented fairly imcurately 
was then set free at a point 4 m. from either lamp, and after 
it had proceeded about 150 cm. toward the lighted lamp, the 
switch was suddenly thrown so as to turn this lamp off and the 
other one on, thus sudderdy changing the din'ction of the rays 
vertically. In every trial when the direction of the rays was 
thus changed, the fly turned either directly iii)ward or directly 
downward, depending upon whether the change in the direction 
of the rays resulted in an increase in the illumination of the 
upper or the lower surfaces of the two eyes. 

Owing to the rapidity of movement it was not possible to 
ascertain precisely how the changes in direction of locomotion 
are related to changes in the positions of the wings; but it could 
be clearly seen that turning upward or downward is accom- 
pUshed by changes which are the same in both wings. If, 
e.g., the light is directed toward the dorsal surfaces of the eyes, 
both wings respond in such a way as to turn the anterior end 
of the organism upward, and, if it is directed toward the antero- 
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ventral surfaces, both respond in such a way as to turn it down- 
warti. Evidently, then, tJie vertical turninj^ responses in Eris- 
talis on the wing must ]>o related to a change in the location of 
the stimulus in the eye. It cannot be related to anything in 
the nature of a balancing of stimuli and responses in symmetri- 
cally located opposite organs, as demanded by tlie De (Jandolle- 
\'erworu theory. 



t'i^. iC Diata'ani sliowin^ verliral orirTiTiition of on tho winji. K 

It lainjjs; s, opjujuo srTopii; o, point w1ut(“ s]M'('irnen> j'tlirteti; o. b , points Avhere 
ion of r:iys was <'!inn^r-<l : arrows, diroction of ]o(“oinoi ion . Note that when 
the rayHlirecti<Mi was rhanged at o/ ' the uiuhn- r^urfaee of Coth eyes became more 
liishly illinnni:ite«! ami that when it was (‘lian^ed at \h > tlie upix^r surface !>ecame 
more hi^lily iliinnin:ifr<l. 'I'lirnlnn was «lu(‘ to ehanue in the location of the 
stimulus in the retina ami not to uiuMiual illumination of the two eyes, as the 
explanai ion of liolm, ami ot hers tleinaiuis. 

RKAt'TlONS IN IXSIX'TS WITH OXK HVH RI.IXDKD 

It has been known for more than a century that covering one 
eye in insects has :i profound elTect on their reactions to light. 

Mlarrey’s statement (TS. p. lOCe llial l.ocb in tStvs vliscttvered "llio fact- 
that |>hotopositi\<‘ Ilies ^\ltll one ('ve rcuuovcd, move in circles toward tlie ^0(.xl 
(‘ve” d*H'S not appear lo be strictly accurate. In the first place, this fact, it 
a]>]>ears. was known as early as lon^ lieforc I.o('b’s time; and in the second 

place, it \!i not at all certain that tlie results obtaimai by la^’li in his experiments 
were due to the de^;! jucl ion t)f an I'yo, He says in rehuence to those oxi>eriinents 
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Goeze in 1796 covered with an opaque varnish one eye of a hornet 
and found that in flying it turned continuously toward the 
normal eye, i.e., that it made what are commonly called circus 
movements. These results haA'e been confirmed and extended 
to animals on foot by Treviranus (’32), Dubois (’86), Axenfeld 
{'99), Radi (’03), Parker (’03), Holmes (’01, ’05), Carpenter (’08), 
Brundin (’13), Dolley (’16), Carrey (’IS), Patten (T9), Min- 
nich (’19), and others. In most of the observations the eyes 
were covered but in some they were cut oi* burned out and in 
others only one was illuminated. 

The results obtained by these investigators show that insects 
with one eye blinded usually turn, in non-directive light, toward 
the functional eye if they are photopositivc and toward the 
blinded eye if they are photonegative, that contact stimulation 
produced by the covering on the eye tends to make them tui’ii 
toward the covered eye (Dolley, T6), that in certain species 
in a horizontal beam of light orient !it ion is fairly precise, that 
the accuracy of orientation increases with experience (Radi, ’03; 
Holmes, ’05; Carpenter, ’OS; Dolley, T6; Minnich, T9), that 
the degree of deflection under certain conditions depends upon 
the intensity of the illumination, it being in positive s|>ecimens 
usually greater in high illumination than in low, especially in 
light that is somewhat diffuse (Carrey, ’18: Minnich, T9), but 
that it ma}' be the same or even less (Dolley, ’16) and that in 
positive specimens a sudden decrease in illumination tends to 
cause sharp turning toward the co^'ered eye while a siuhlen 
increase tends to cause sharj) turning in the op])osite direction 
(Dolley, T6). 

Radi (’03, p. 63], Bohn (/04), Loci) (’13), (lairey (T8), Min- 
nich (T9), Buddenbrock (T9, p. 315), and others maintain that 
circus movements are due to difference in muscular tonus on 

('05, p. 87, translation of paper publLslied in ISSS) : ‘ W'hen one hemisphere of the 
lira in of a house-fly is removed the same dis turban res in orientation .appear as 
after the same operation on a rabbit. The fly from wliich the left hemisplierc 
has been removed moves continuously toward the rif^ht in its progressive 
movements,” It is evident that the observed deflection to the right in the fly, 
may have been due to the destruction of a portion ol the brain and not to the 
dost ruction of the eye. 
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Opposite sides of the organism, and some of these authors hold 
that orientation is essentially the same as circus movement. 
Minnich, e.g., says (’19, p. 405): ‘The circus movement is the 
orienting process.” Radi and Buddenbrock contend, however, 
that these two phenomena Jire not the same. They assert that 
while circus movements are the result of tonus efTects, orienta- 
tion is brought about by responses. I did not make a detailed 
study of circus movements, but the results of numerous casual 
observations on this phenomenon in various insects, lead me to 
believe that, while tonus may play a part in circus movements, 
the great majority of such movements are much more closely 
related to actual responses than to tonus effects. I am of the 
opinion that essentially the same factors are involved in circus 
movement and orientation, but that tonus is normally only 
superficially involved in these phenomena, if at all. 

The effect on the reactions of covering one eye were studied 
both in Eristalis and in Krax. The results obtained are in 
harmony with most of those obtiiined in other insects as pre- 
sented above. The observations on Eristalis will be considered 
first. 

If Eristalis with one eye covered receives light simultaneously 
from various sources, as, e.g., in front of a window, it deflects 
sharply and continuously toward the functional eye and con- 
seciuently takes a more or less nearly circular course. In the 
dark room in a well-defined horizontal beam of light the tendency 
to deflect toward the functional eye is much reduced, especially 
after the covering has been on the eye for some time and the 
insect lias been exposed a number of times. In such a beam of 
light the deflection is usually not continuous as it is in ordinary 
illumination. 4'he specimens usually turn toward the func- 
tional eye until the longitudinal axis makes a given angle with 
the direction of the rays of light, and then proceed in a straight 
course until they reach the edge of the beam wliero, remaining 
in the light, they usually turn and follow this edge directly 
toward the light. The degree of deflection varies greatly with 
different individuals and with the same indi^ddual under different 
conditions. It is sometimes so small that the course is fairly 
directly toward the source of light. 
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If, after a specimen has assiuned a definite axial position in 
a beam of light, the source is moved either to the right or to the 
left, it immediately turns until it again has the same axial posi- 
tion in reference to the rays of light. ''Phese residts are, ho\ve\’er, 
obtained only if the eye receives light fron) a single well-defined 
source. They are not obtained if the eye receives any con- 
siderable amount of light reflected froin the surface on which 
the fly is located or from other objects about. The cause and 
the significance of this will be considered in the section of this 
paper entitled “Orientation in light from two sources.’' 

The results presented above are in perfect harmony with those 
obtained by Carpenter (/OS) on Drosophila, by Dolley (TO) 
on Vanessa, and by Minnich (TO) on the honey-bee. They 
show clearly that Eristalis with one eye blinded can, in response 
to light, turn to the right or to the left and that it can orient 
and move fairly directly toward the light. And since it recei\’es 
light only in one eye, it is evident that these responses cannot 
be dependent upon the relative amount of light received ]>y 
symmetrically located receptors on opposite sides of the body. 
The e\ddence indicates that they are dependent upon the loca- 
tion of the stimulus in the eye, and that lateral orientation, like 
vertical orientation on the wing, is not necessarily dependent 
upon symmetrical stimulation. 

If, in specimens with one eye covered, the beam of light is 
directed toward the postero-lateral surface of the functional eye, 
the two front feet move laterally toward the light, the one deflect- 
ing fonvaid and the other backward, and the two hind feet move 
laterally from the light, again one moving forward and the 
other backward, just as was observed in normal specimens with 
the light similarly directed toward one eye (iig. 2). The same 
may be said for the illumination of other regions of the eye 
including the anterior portions. That is, the movement of the 
feet induced by the illumination of any given regions of the 
surface of the functional eye is essentially the same in character, 
although perhaps not in magnitude, as it is in normal speci- 
mens when the same surface is illuminated, in spite of the fact 
that in these the opposite eye also receives a considerable amount 
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of light. If, in specimens with one eye, the beam of light is 
directed toward the anterior surface parallel with the longitudi- 
nal axis of the body, the feet on either side tend to move directly 
forward; if it is directed toward the antero-latcral surface they 
deflect in the direction of this surface in their forward movement; 
if it is directed toward the antero-median surface they deflect 
in the opposite direction and the animal turns toward the covered 
eye, the side receiving no elTective illumination. 

These results demoiistrate conclusively that by illuminating 
different surfaces of either eye different reactions of the legs 
on both sides are induced. Illumination of the anterior surface 
of one eye, e.g., induces certain specific coordinated reactions 
in tlie legs on both sides; illumination of the postero-lateral 
surface, coordinated reactions of a very different sort. These 
are actual responses, not merely inoveinents associated with 
difference in toiuis on t opposite sides. They strongly support 
the conclusion prc\'iously reached that orientation in insects 
is not necessarily dejXMident Uj)on the relation in the rate of 
movement of tlie feet on opposite sides, in accord with recent 
explanations (if hoeb. Holm, and otliers. l)ul upon the direction 
nf movement. Tln^y indicate stningly tliat orientation in 
Kristalis is the result (if series of refle\(‘s dependent u]>on the 
localization of the stimulus in the eyes, ditforential resixmses 
to localized stimuli. 

I reacinal similar conclusions in my study of the reactions in 
tir('-i]i(\s as did also Hnddenbroch iTd) in obs(M'vation on snails 
and Taliaferro i '20i in oliservation on Planaria maculata. Talia- 
ferro proved conclusively that photic stinudati<'in of the rhab- 
domes at the itoslerior and ventral edges of the pigment-cup 
induces the animal to turn toward one side while stimulation 
of the remaining rliabdonies induces it to turn in the opposite 
direction. 

Certain phases of these conclusions also receive considerable 
support from the results obtained in experiments on covering 
portions of the eyes in various insects by Axenfeld (dh)'). Radi 
(,’03), Holmes (’05), Dolley (’10), Carrey (T8), and others. 
The following reactions of Hrax are, moreover, in iiarmony 
with tltem. 
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The orienting reactions in Erax are essentially the same as 
those in Eristalis. In ordinary illumination specimens with 
one eye covered tend to turn shaiply and continuously toward 
the functional eye, making circus movements like those de- 
scribed by Garrey (T8) in a closely related form. In a beam of 
light in the dark room they usually take a direct course across 
the beam at various angles with the I'ays and then when they 
reach the edge they turn and proceed directly toward tlje light. 
If the source of light is moved to the right or to the left they 
turn until the}^ are again oriented, though much more readily 
toward the functional eye than in the opposite direction. If 
the light is directed toward the postero-lateral surface of the 
eye, the feet on one side mo\'e forward while those on the opj^osite 
side move backward. If it is directed toward the antero-median 
surface of the eye and no light reaches other parts of the eye, 
both front feet move toward the light, and the others move in 
such a way as to turn the anterior end of the insect toward the 
blind eye. Occasionally all of the feet on both sides move 
laterally in the same direction so as to carry the insect sidewise 
toward the light, but ne\’cr more than a few centimeters at a 
time. Sidewise movement toward the light was also repeatedly 
observed in Eristalis (fig. 4). 

These reactions are not very marked and they are obtained 
only if the lateral and posterior surfaces of the eye receive rela- 
tively little or no light. They indicate, however, that orienta- 
tion in Erax is, as in Eristalis, dependent upon the direction of 
movement of the feet, which is in turn dependent uptm the 
localization of the stimulus in the eye. Jlut how, in the exjieri- 
ments such as those described above, is tlie stimulus localized? 

When light is directed toward a given surface of the eye of 
an insect the whole surface is more or less illuminated. How 
then, it may be asked, can there be anything more than a very 
indefinite localization? Exner (’91j and others have demon- 
strated that compound eyes like those found in Eristalis form 
well-defined erect images on the retina, that tlie image of each 
object centers about the ommatidium whose longitudinal axis 
is parallel with the rays of light received from the object and that 
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only those rays which are parallel with the longitudinal axis, or 
nearly so, reach the retina and are effective in the process of 
stimulation. In light then, such as was used in these experi- 
ments, a minute image of the source was formed on the retina 
directly beneath that portion of the surface toward which it 
was directed, and it is probable that the illumination of other 
surfaces had no effect, owing to the fact that the rays were not 
parallel with the longitudinal axis of the onunatidia or rhab- 
domes and consequently did not reach the retina. This con ten- 



rig. 4 . Skolrli showing h>ist;tlis moving sidrwist' 1 oward flic light. Arrows, 
of niys. 

tion is strongly su])pnrted by the fact that Taliaferro i*20) dem- 
onstrated exj)erimentaily in Planaria that only those rays which 
enter tlie eye parallel with the longitudinal axis of the rhab- 
doines or nearly so have any slinmiating effect. 

TILTINi; RKACrnON 

It is well kiKAvn that a number of different organisms in which 
the function of one eye has been destroyed assume abnormal pos- 
tures. Holmes, referring to Kanatra with one eye covered, says 
('05, p. 329): * Under the stimulus of light tlie insect assumes a 
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peculiar attitude; the body leans over toward the normal side and 
the head is tilted over in the same direction.’^ Similar reactions 
were repeatedly observed by Dolley and myself in Vanessa 
(’14-15 unpublished) and by Garrey (’18) in a considerable 
number of butterflies, robbei-flies, and other insects. In 
numerous observations on Erax 1 obtained results in harmony 
with those presented above. 

Toads and frogs that are blind in one eye also assume an 
abnormal attitude but in these only the head appears to be 
involved and this is turned toward the blind side in place of 
toward the functional eye as it is in the insects. There seems 
to be an attempt to direct the eye nnu’c nearly forward so as 
to bring into the field of vision the objects directly in front of 
the animal (^last, Tl, p. 221). 

Garrey ('IS, p, 100) maintains tliat in s<ane insects in which 
the tilting reaction does not occur when one eye is covered, it 
occurs if a portion of the other eye also is covered. He found, 
e,g., that Eristalis retains a nonnal posture if one eye is blackened 
but that if ‘‘one eye and the inner Indf of tlie other tire Idackened 
it shows extreme tilting of the body towtird the siile of the un- 
covered eye surface.” Whether or not tilting can thus be in- 
duced in all insects which orient in light has not been ascertained. 

Garrey (T8) holds that tilting in insects is tlie result of dif- 
ference in the tonus of the muscles of the legs on opposite sides, 
which is in turn due to diflerence in the amount of light received 
by the two eyes, the degree of tonus of the muscles being di- 
rectly propoirional to the intensity of the illumination of the 
receptors with which the\ are respectively connected. He 
contends that the difference in tonus rosldt^s in dilTerence in 
the degree of extension of the legs on opposite sides and that 
this produces difference in the rate of movement of the feet 
on the two sides, resulting in circus movements and orientation. 
He thus maintains that circus movements and orientation are 
the result of tilting which in turn depends upon muscle tonus. 
And he asserts that this constitutes an absolute proof of the 
De Candolle- Venvorn theory as modified by I.oel) which he 
designates “Loeb’s muscle tension theory of heliotropism.” 
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He Saji'S (48, p. 125): '‘The relation of the results of these 
experiments to the problem of heliotropic oiientation is too 
obvious to require detailed discussion which could only lead 
to a repetition of the description of the mechanism of helio- 
tropism which J^oeb has so clearly expounded. The experi- 
ments are so completely in accordance with Loeb^s muscle 
tension theory of hcliotropism that they are tantamount to a 
complete proof of it.” 

1 am not entirely clear as to what Garrey means by tonus. 
Tilting is undoubtedly brought about by difference in the extent 
of the contraction of certain muscles in the legs on opposite 
sides but whether this is due to phenomena similar to those 
which are ordinarily designated as tonus, or to phenomena 
similar to those which are ordinarily designated as responses 
to stimuli, is questionable. However, in some cases, e.g., the 
tilting of the head in frogs and toads, it appears clearly to be 
due to a response to stimuli ; and it has. in my opinion, by no means 
been delinitely established that it is not due to resixmses in 
other forms. In insects tilting is especially prominent in forms 
in which death-feigning is conspicuous, e.g., Ranatra, Vanessa, 
Erax, and others. None of these forms are agile on foot and 
the tilting in them appears to be associated with an attempt 
to turn toward the light without moving the feet. I have often 
shell nonnal specimens of Erax, wlien illuminated from one 
side, lean over strongly toward the light and hold this tilted 
posture without any movement of the feet whatever. The 
whole proceSvS of tilting in these forms appears to me to resemble 
responses much more closely tlian it does tonus effects. How- 
ever this may be, the fact that in tilting the legs on one side are 
more Hexed than those on the other, resulting in difference in 
the rate of movement on opposite sitles and thus in turning, 
as Garrey maintains, shows that tilting is, at least in some 
cases, involved in circus movements and probably also in orien- 
tation, but the evidence presented in the following paragraphs 
and elsewhere indicates that it is by no means the only factor 
involved, that it is, indeed, a very insigniticant factor. And 
since it has not been demonstrated that tilting is the result of 
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tonus, it appeal's that the fact that tilting may at times play 
a part in orientation, acids little if any support to Loeb’s muscle 
tension feature of the De Candolle-Verworn theory, for tonus 
is the very essence of the structure upon which this feature 
rests. 

1. In many insects which orient in light, Eristalis, e.g., there 
is no obser^’able tilting when one eye is co\'ered or when they 
are laterally illuminated so that one eye receives much more 
light than the other. Numerous detailed observations were 
made on Eristalis in reference to this, and while it was found, 
as pre\dously stated, that specimens with one eye blinded make 
continuous circus movements in ordinary illumination, no tilt- 
ing was observed in spite of the fact that the intensity of the 
light varied from neitrly zero to direct sunlight and the fact 
that the turning toward the functional eye was markedly sharper 
in the higher than in the lower illuminations. Minnich (49, 
p. 406) obtained similar results in observations on the honey- 
bee. In general it may be said that insects which do not tilt 
turn and perform circus mo\'ements quite as readily and orient 
quite as precisely as do those which tilt. It is consequently 
evident that circus movements and orientation in insects are 
not necessarily associated with tilting. 

2. in specimens of Erax with one eye blinded tilting is very 
marked, especially if they are exposed on a white background 
in strong light, and such specimens, as previously stated, tend 
to turn continuously toward the functional eye, i.e., in the direc- 
tion in which they lean. Tliis turning is, I believe, in part 
dependent upon difference in the rate of movement of the feet 
on opposite sides, owing to difference in the extension of the 
legs in accord with Garrey's explanation; but only in part and 
this is not the only way in which the insect can turn, as Garrey 
appears to assume. He says (’18, p. 106): “The anterior leg 
of the nonnal side is adducted to the right, i.e., to the side of 
the blackened eye, and may oven cross the corresponding leg 
of that side. The condition is a sustained, tonic one, by virtue 
of which the only possible movement is one in which the flexed 
legs pull, and the extended legs push the animal toward the 
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illuminated eye. The legs on the side of the illuminated eye 
cannot be widely separated nor can those of the other side be 
easily approximated, thus tending to produce a wider arc of 
progression on the side of the blackened eye.^’ I have repeatedly 
seen Erax, while it was continuously leaning strongly toward 
the side containing the functional eye, take a straight course; 
1 have seen it, while it was leaning from the light, go sidewise 
directly toward the light, all of the feet moving laterally in the 
same direction (similar results were obtained by Holmes in 
Ranatra (*()o)); and I have seen it, while leaning in one direction, 
Mctually turn in the opposite direction, both front feet moving 
laterally toward tlie blind side, the side directed toward the 
light under the conditions of the experiment. Tliat is, it turned 
in a direction opixisite from that demanded by Garrey’s tonus 
hypothesis. Turning in this direction was most readily obtained 
in specimens in which the upper half of one eye and the lower 
half of the other had been covered, e.g., the upper half of the 
right eye and the lower half of the left eye. If such specimens 
are placed upon a white background and illuminated horizon- 
tally from the left side, they lean to the right and turn to the 
left. The leaning is due largely to an increase in flexure in the 
proximal joints in the legs on the right side and an increase in 
extension in those on the opposite side. The turning is due 
to alternate floxure and extension in the other joints. This 
indicates that tilting is dependent primarily upon the illuinina- 
ti(m of the ventrodateral surface of the eye, while turning is 
dependent primarily upon illumination of the lateral surface, 

3. In circus movements associateil with the tilting reaction 
(he legs on the side receiving the stronger photic stimulation 
are more extended than those on the opposite side. In normal 
orientation just the reverse liolds. 

4. The degree of tilt in Krnx is dependent upon the intensity 
as well as upon the direction of illumination; in strong light it 
is greater than in weak, and in any given illumination the atti- 
tude assumed is maintained for long periods of time if the in- 
ten.sity of the light is not changed. Garrey reached similar 
conclusions in his work on Proct acanthus. He maintains 
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that this shows that tonus is proportional to intensity, that 
light acts continuously in maintaining the tonus, resulting in 
the tilted posture and that this supports the continuous-action 
theory of orientation. The results obtainetl in the following 
observations indicate, however, that while the degree of tilt 
depends upon luminous intensity, the maintenance of the state 
of the muscles involved in the tilt is not dependent upon the 
continuous action of the light. 

On September 23rd a specimen of Erax with the left eye 
thoroughly covered was exposed in moderately strong diffuse 
sunlight. The head and body at once leaned to the right fully 
45^, the head somewhat more than the body. The posture was 
carefully noted and it was found that the leaning of the l)ody 
was due almost entirely to difference in the degree of flexure at 
the proximal joints of the legs on op]X)site sides. The illumina- 
tion was changed through various stages from total darkness to 
direct sunlight and from a faint ruby light to approxhnately 
50,000 m.c. produced by a gas-filled tungsten lamp. In no case 
was there observed any immediate change in the degree of tilt 
following a change in illumination. For example, in one in- 
stance when the specimen in diffuse sunlight was leaning to the 
right fully 45"^ this light was suddenly replaced by faint ruby 
light. No observable change in the degree of leaning occurred. 
Three minutes later, however, it suddenly straightened up until 
there was no observable tilt. Tlic ruby light was now replaced 
by the diffuse light. The insect remained perfectly erect. It 
was closely observed for six minutes and not a movement was 
seen, except those conceined in respiration. The paper on 
which the specimen was standing was now lighth" tap])ed and 
it immediately leaned over to an angle of about 45° with the 
vertical. It was now exposed to direct sunlight and the paper 
tapped until the insect moved but no observable increase in 
tilt occurred. 

This was repeated maiiy times and while there was under 
certain conditions clearly a difference in the degree of tilt in 
weak and in moderately strong light, there was no observable 
difference in moderately strong and in very strong light. That 
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is, the degree of tilt seems to increase with increase in illumina- 
tion only within certain limits. 

These results seem to demonstrate conclusively that while 
the degree of contraction of the muscles in the legs of insects 
may depend upon the illumination of the eye, that of some 
being increased and that (jf others decreased, depending upon 
the location of the illumination, the maintenance of the con- 
traction is not dependent upon continuous illumination. That 
is, the various muscles retain the degree of contraction induced 
by a given illumination for long periods after this illumination 
lias ceased. This conclusion is, moreover, supported by the 
results obtained in observations on the relation l^elween lumi- 
nous intensity and the degree of liexure of the legs in nonnal 
specimens. 

5. Carrey maintains that in normal specimens the tonus of 
the muscles in the legs of the rob])er-fly “Proct acanthus, and 
flies in general ’ is dei)endent u[>on the ilhuninatioii of the eyes. 
He says (d8, p. 10b): “In the light, normal Proctaeanthiis, 
and flies in geinnul hold the body well from the surface when 
walking and han'e only tlie tracks of the feet on smoked p^iper, 
but after blackening the eyes, or in the dark, some part of the 
body also leaves a trail. Tlie whole experimental picture of 
inactivity, muscular weakness, and incocirdinatiou, when tlie 
eyes are darkened, ])oints to a decreased neiivomiiscular tonus 
which is normally maintained reflexly In' the action of light 
on the eyes.’’ 

I made numerous ol)servations on the posture of l>oth Eris- 
talis and Ih'ax in natural illumiinitioiis varying from nearly 
zero to direct sunlight and in artitieial illuminalicms varying 
from very faint ruby light to white light of more tlian 50,000 
m.c. but was imal>le to o1)serve any difference in the flexure of 
the legs dependent upon dilYereiice in illumination.'' 1 dkl not, 
however, observe tlu^ efYect of long exposure, and it is probable 
that the results (>l)t aim'd by Carrey were due to such ex[x)sures. 
However this may l)e, it is dear that when both eyes are equally 

® Dolley obtainc(i similar resiilti^ in ol’H'crvalions on Vanossa .personal eoiii- 
munication). 
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illuminated, no matter how little or how miirh, no such marked 
flexures and extensions are obtained as are produced in the legs 
in insects in which the two eyes are unequally illuminated. The 
tilting reaction is therefore primarily a reaction de])endent upon 
unequal illumination of the two eyes. It is, as previously demon- 
strated, dependent upon the illumination of the ventro-Iateral 
surface of the eyes. If this surface in one eye is illuminated 
while that in the other eye is not illuminated, the legs on one 
side tend to flex while those on the other tend to extend and the 
insect leans toward the functional eye. If this surface is eriually 
illumina,ted on both sides there is, during moderate periods of 
exposure at least, no appreciable change in flexure on either 
side regardless of the intensity of the illumination. This seems 
to show conclusively that the effect on flexure of the illumina- 
tion of one eye is inhibited by equal illumination of the other 
eye. I should like to stress this point for it is of considerable 
importance and we shall make use of it and a number of similar 
inhibition phenomena in our explanation of orientation pre- 
sented in the last pages of this paper. 

6. In Eristalis or Erax suspended by the wings so that the 
feet are not in contact with the substratum, illumination and 
changes in illumination, either of one eye alone or of both eyes 
have no effect on the flexure of the legs. If one eye is covered 
there is no indication of greater extension in the legs on one 
side than on the other, such as there is when tlie feet are in 
contact with the substratum. This slnovs tlcit the effect f)f 
the light on the flexure of the legs depends u])oii contact of tlic 
feet with the substratum, and it indicates tlint, if flexure is 
dependent upon muscle tonus, the muscle tonus is not as specifi- 
cally related to the illumination of the eyes as (larrey main- 
tains, for if it were there should be a difference in the degree of 
flexure in the legs on opposite sides if tlie two eyes are unequally 
illuminated and the legs ought to flex and extend in accord with 
changes in difference in the intensity of ilu^ illuminatir)n of the 
two eyes. 

The results obtained in these observatioiis seem to suppoi t 
the conclusion presented above, that tilting is the result of a 
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reaction or a series of reactions constituting^ an attempt to turn 
in the direction of greatest efTective illumination, rather than 
the result of a specific ’elTcet of light on muscle tonus. 

7. It was repeatedly observed that when Erax with one eye 
covered travels in diffuse light from a white to a black sheet of 
paper, it suddenly straightens up, even if it has entered a field 
of higlier illumination, and that when it trjivels from a black to a 
\\hite sheet it suddenly tilts, even if it has entered a field of lower 
illumination, i.e., it straightens up wlien the intensity of the 
light received from below decreases and it tilts when the inten- 
sity of this light increases. These changes in posture are so 
extensive tliat they can readily be seen. It was also repeatedly 
observed that if the lower ])ortion of one eye and the upper 
})ortion of the other eye is covered and the insects are placed 
in front of a window in such a position that the eye wdth the 
lower portion co\’ered receives more light than the other eye, 
they tilt toward the eye with the ventral surface uncovered. 
That is, under these conditions tliey tilt toward the eye wdiich 
receives least light : w hereas wlien one eye is entirely covered 
and the other is nuriual. they tilt towarvl the eye wliich receives 
most light. 

These facts demonstrate that tilting rlej>ends largely upon 
stimulation of the ventral surface of the eye and that it is far 
more closely correlated with tlilTerence in the location of the 
stimulus in tlie two eyes than with difference in the amount of 
light recei^'ed by them. It is ai)parently largely if not entirely 
independent of light received by the dorsal portion of the eye. 

The facts tlion, that in many insects there is normally no tilt- 
ing during tlie process of orientation: tliat the degree of tilt is 
not always immediately changed when the luminous intensity 
changes; that tilting is specifically correlated with the location 
of tile stimulus in tiie eye; tliat the degree of flexure in the logs 
is in(lc])en(lcnt of the luminous intensity when both eyes are 
eijunlly illuminated; that there is in specimens with one eye 
covered no difference in the extension of tlie legs on optx^site 
sides if the feet are not in contact with the substratum; and 
that certain photopositivo insects, while tilting in one direction. 
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may take a straight course, go sidewise toward the light in the 
opposite direction or even turn toward the blind side, seem to 
show that the De Candolle-Verworn theory including Garrey’s 
tonus hypothesis is inadequate to account for photic orienta- 
tion in insects, for it is not in accord with any of these phe- 
nomena. Moreover, the results obtained in observ'ations on the 
process of orientation in specimens with some of the legs on one 
side removed and those obtained by Dolley on the relation 
between the rate of locomotion and the intensity of the illumi- 
nation of the eyes lead to the same conclusion. The former 
will be discussed in the next section, the latter in the following 
paragraphs. 

If orientation is the result of difTcrence in the rate of 
Ino^'ement in the feet on opposite sides owing to dilTerence in 
the tonus of the muscles in proportion with the differences in the 
illumination of the eyes, in accord with the De Gandollc-Ver- 
worn theory as applied to insects by Loeb, Bohn, et ah, then, 
when both eyes are equally illuminated, the rate of locomotion 
ought to be specifically related to the intensity. 

Dolley (T7) made numerous observations on the rate of loco- 
motion in Vanessa with both eyes equally illmninated in various 
intensities and found that it is essentially the same in all unless 
the difference in intensity is very great, in which case the rate 
is slightly greater in the weaker than in the stronger light. 

It is conseriuently evident that if orientation in Vanessa is 
dependent upon difference in the rate of locomotion of the feet 
on opposite sides owing to difference in tonus, the effect of the 
illumination of one eye on tonns must be in]nl>i1ed by equal 
illumination of the other eye. But if this is true, then the De 
Candolle-Verworn theory will not hold; for the advocates of 
this theory-, maintain, if I understand thejii correctly, that the 
orienting factors continue to operate after the organism is 
oriented and the eyes are equally illuminated, as well as before. 
They hold, in other words, that the oriented f)rganisin is lield 
upon its course by the continuous action of the orienting factors. 
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REACTIONS IN INSECTS WITH SOMi: OF THE LEGS REMOVED 

The advocates of the De (]an(lolIe-^"er^vorn theory of orienta- 
tion differ considerably as to precisely what factors are involved 
in orientation but they all appear to hold that bilateral s\Tn- 
inetry in reference to the action of the receptors and the motor 
apparatus is fundamental. They maintain that orientation 
is the result of a balance between the effect of the action of the 
locomotor appendages on opposite sides, that when this effect 
is iinecpial the animals turn and when it is eciual they do not 
turn. Loeb says C\2, p. 39): “When two retinae lor other 
points of synunetry) are illuminated with unequal intensity, 
chemical ])rocesses, also f)f inie{[ual intensity, t^ike place in the 
two optic nerves (or in the sensory nerves of the two illuminated 
ixjintsh This inequality of chemical processes passes from the 
sensory to the motor nerv(‘S and eventually to the muscles con- 
nected with tluau. Wv conclude from this that with e(pial 
illumination of botli retinae the symmetrical groups of muscles 
of l>oth liahcs of the body will receive (‘qual chemical stimuli 
and thus reach espial states of contraction, while, when the rate 
of reaction is uiUMpial, th(‘ symmetrical muscles nn one side of 
th(^l)ody come ittE) stronger action than tln^se on the other side, 
d’he result of such an ine(iuality of the action of syinmetrical 
muscles of the two sides of the body is a cliange in the direction 
of movement on the ])art of the animal.” And ''IS. p. S3): 
“Motile plant organisms like l o/re.r, are driven to tlie source 
of light, owing to ditTeiences in the tension of the contractile 
organs on the shaded and illuminated sides and the same is 
true for anhnnis like insects." Cmrrey says T7. p. ti09'i : “These 
ex])erimeii(s remove, in our opinion, tlie last doubt that the 
motions of animrils to or from a source of light are due to an 
influence of the light on the tension of muscles of different sides 

of the body " Minnich says iT9, p. 40(1): “I have 

not been able to ol)serve any constant and ])ronounced difference 
in the muscular tension on the two sides of the bod\' in the honey- 
bee 1 do believe tliat orientation is produced in this 

manner, however.*' Ilohn i'Oifa, p. 9: b, p. It and Patten 
Cl 9, pp. 453 457) make similar statements. 
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It is e\’i(ient that according to all of these views the direction 
of locomotion in insects depends upon the relation between the 
effect of the activity of the locomotor appendages on opposite 
sides. Consequently, if these views are correct, the organism 
should turn continuously toward one side if the appendages on 
one side are throAvn out of action, i.e., it should make circus 
movements. The results obtained in the following experiments 
have a direct bearing on this matter. It is, of course, seif* 
evident that if the muscles in the locomotor appendages on 
opposite sides act precisely the same in an organism which is 
perfectly bilateraUy symmetrical, it will take a straight course, 
and consequently that when it turns, these muscles do not act 
alike, but it does not follow from this that orientation is neces- 
sarily dependent upon a balanced effect in the actirm of these 
appendages, that the organism will turn continuously unless 
the muscles symmetrically situated in the appendages on op- 
posite sides !ict equally, as is demanded by the views presented 
above. 

Observations on the reactions to light in insects with some of 
the legs removed were made both on Erax and on Kristalis. 
Those made on the latter were, however, very much more 
thorough and extensive than those made on the fonma'. 

Enii\ In some specimens of Erax the front leg and in otheis 
the front and the middle legs on one side were removed close to 
the body with a pair of scissors. These specimens wore then, 
immediately or after one to twcnty-fo\ir hours, t‘xix)se(l to 
various conditions of illumination. Without going into (let ail 
it may be said that the specimens with only one leg removed 
oriented nearly as precisely avS normal specimens, there l)eing 
only a slight tendency to deflect toward the nonind side. When 
illuminated laterally they turned directly toward the light 
either to the right or to the left. In turning thus the front leg 
is extended laterally in either direction, fastened to the sul)- 
stratum and then flexed. In this way the anterior end is pulled 
either to the right or to the left until it faces the light after 
which the front leg is extended more nearly directly fonvard 
than it i.s normally and the animal proceeds toward the light. 
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The specimens with two legs removed oriented, on the whole, 
much less precisely than those with only one removed. Their 
movements were not well coordinated. They could readily 
turn toward the normal side but in attempting to turn in the 
opposite direction they usually fell over. However, they often 
proceeded fairly directly toward the light for considerable dis- 
tances. The lack of precision in orientation appeared to be 
due largely, if not entirely, to the difficulty they had in remain- 
ing erect. 

In the process of orientation under such conditions there is, 
of course, no possibility of a balanced effect of locomotor ap- 
pendages in accord with the De CandolIe-\ erworn theory or 
with (larrey’s tonus hy{wt]iesis. 

Eristalis. In Eristalis orientation was studied hi specimens 
with one front leg removed, with both front legs removed and 
with the front and the middle legs on one side removed. In 
some cases one eye was covered in addition to the removal of 
legs. In nearly all cases the accuracy of nrientation was first 
ascertained by exjxisiire in the dark room on dead black sheets 
of paj)er in a well-defined horizontal l:>eam of light produced 
i>y a Xornst glower; then the legs were lemoved, after which the 
accuracy of orientation was again ascertained, either immedi- 
ately or after the lapse of thirty minutes to three hours. In 
some cases the insects were then placed in low illumination or 
darkness and tested on eacii ()f the succeeding days until they 
liecaine inactive. The reactions in nondirective light were 
also studied in a few specimens. Tlic paths were lecorded by 
following the insects with a pencil in such a way as to trace 
their courses on the sheets of black pa]>er on which they were 
exposed. The direction of the rays was also recorded on each 
sheet. 

In specimens with only one leg removed orientation was found 
to be very nearly as precise as it is in normal specimens and if 
anything more precise than in tliose with both front legs re- 
moved. This is clearly shown in the tracings of a typical series 
of paths reprc>dured in figure 5. These paths were all made 
by the same individual, two before the removal of an)^ of the 
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legs, two inmiediately after the removal of one front leg and 
two immediately after the removal of both front legs. The 
removal of one of the front legs appeared to have very little effect 
on locomotion, but the removal of both caused a great reduction 
in the rate. By referring to the figure it will be seen that the 
insect when it had only one front leg, went very nearly as directly 
toward the light as it did when it had both, and even more 
directly than it did when it had no front legs. This seems to 
indicate that orientation is not inseparably associated with 
balanced action of syimnetrical locomotor appendages on op- 
posite sides. 

In the specimens with the front and the middle legs on one 
side removed there was, in the first tests made after the opera- 
tion, a decided tendency to deflect toward the normal side, ])oth 
in the horizontal l)eam of directive and in the vertical l)eam of 
nondirective light. There was, however, considerable variation 
in the degree of deflection. One of the seven specimens studied 
under these conditions deflected nearly 90" in the liorizontal 
beam while another oriented nearly as accurately ijiiiuediatcly 
after the operation as it did ])efore. All appeared to deflect 
more in nondirective than in directive illumination. Xo definite 
correlation was observed between the degree of deflection and 
the time between the operatifjn and tlie first test. In tlie tests 
on succeeding days, however, the tendency to deflect decreased 
definitely in all but two of the speciinens and one of these oriented 
almost perfectly immediately after the operation, while the 
other wa^^ in poor condition and died the second day following 
the operation. In some cases in which there was a decrease 
in deflection, there was later an ii\crease again. This was 
especially marked one or two days before death. It seems to 
be related to weakness in the organism. 

A typical series of paths obtained is represented in figure G. 
By referring to this figure it will be seen that the specimen used 
oriented accurately before the operation, that it deflected strongly 
toward the nonnal side sliortly after the operation, and that 
the deflection decreased from day to day until it had practically 
disappeared on the third day after the operation. 
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This shows that there is in Eristalis with the front and the 
middle legs on one side removed, improvement in the accuracy 
of orientation, which appears to be dependent upon experience, 
indicating a process of learning similar to that observed in other 
insects after the elimination of one eye, by Radi ('03j, Carpenter 
('08), Holmes (^05), Dolley (TO), and Minnich (T9j. It shows 




front 1, of :i nonnnl ijuliviilinil : 5, 4. paths Ihn >:nno individual 

witii tho rijiht front huj rnmovod; 5 . (!. patlis ('f the saino individual vvitli both 
friint rcoiinvcd. .r, ]utinl -0 cin. from w. stfroojjtici'n lamp: (^inall arrows, 
direction of niuvoniont of insect; larj;e arrows, direction of rays anil limits of 
lieain of lijilit . 

clearly that Kristalis with but tme front and one midtile leg can 
orient fairly accurately, aiul since it is chietly these legs that 
arc used in the process of orientation it is evident that (orienta- 
tion in these specimens is not the result of a lia lanced effect of 
symmetrically located locomotor appendages. Consequently 
orientation in Eristalis with the front and tlie middle logs on 
one side removed, cannot be accounted for by the De (,'audolle- 
Verworn theory or any other theory that demands balanced or 
antagonistic action in the loc(unotor ap^x^udages on opposite 
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sides. Rabaiui ('21) reached similar conclusions in some ob- 
seiA’ations on orientation to the vibrations of a tuning fork in 
the spider, Argiope bruennicki.' 

A detailed study of the movements of the feet in the photic 
responses of Eristalis with some of the legs removed leads to 
further important conclusions presented in the following pages. 

After Eristalis with the front and the middle legs on one side 
removedj has assumetl, in a horizontal beam of light, a course 
extending in a given direction which may be at various [ingles 
with the direction of the rays (fig. 6), it tends to retain this 
course. If the direction of the rays is clninged by mo\dng the 
source of light to the right or to the left it :it once turns to the 
right or to the left until its course has approximately the same 
relation with the rays of light it originally had, i.e., it reorients, 
turning either toward the normal or the abnornnil side. In 
turning toward the normal side the movements of the feet are 
\'erv much like the movements in orientation in normal speci- 
mens. The front foot is strongly extended toward the light, 
[ind then attached to the substratum, after which the leg is 
flexed, thus pulling the animal toward the light. In turning 
towiird the abnormal side, however, the movement of some of 
the feet seems to differ considerably from tlnit oliserved in 
normal animals. In normal specimens the front leg opposite 
the side most highly illuminated seejus to push the organism 
while in mutilated specimens it seems to pull it toward the light. 
In specimens with the front and the middle legs on one side 
removed it can be very clearly seen that, in turning toward the 

Fig. of Fristftlis showing elfecl on o]i(‘ntati{»n of the loss of tho 

front and the riiidrlle legs on one side, normal, 11/12, a p.m.; ll-K, witli right 
front and middle legs Toinov'cd; li, immediately after the operation, 11; 12, 3.15 
p.rn.; C, 11 13, 5 p,m.; D, II 1-1, 4 p.m,; K, 11/15, 4 p.rn,; 1-5, suc^’cssive paths; 
a. a.xial position of oriented organism; large arrows, ray-direclion at middle of 
beam of light; small arrows, direction of locomotion. All paths reduced by I 
linear dimensions, Xote that after the legs were removed the insect deflected 
strongly toward the normal side, but that thi.s deflection decreased from day to 
day until it practically disappeared. Note also that when the insect with the 
legs removed goes directly toward the light it goes sitlewisc and tliat the two eyes 
are not equally illuminated. 
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abnormal side, the front foot is extended forward, toward and 
beyond the median line (fig. 7), the precise direction depending 
upon the location of the light, and that it is then attached to 
the substratum after which the leg is flexed, pulling the animal 
toward the light. There is evidently, then, owing to the loss 
of two legs, a change in the action of the remaining legs such 



Fig. 7 Sketch indicating in Kri.'itfilis with right front and niirldle legs re- 
moved, the direction and extent of nnnement of the left front leg in turning to 
the right toward the light. Note tliat the front leg is well extended toward the 
right. In this position the foot is attached to the substratum after which the 
leg is flexed and the anterior end of the insect pulled to the right. Turning tn 
the left is accomplished in the .same way except that the front leg is extended 
to the left. Thn other legs assist in the.se movement.s. Arreov, direction of rays 
of light. 

as to tend to maintain normal behavior in the organism as a 
whole. Changes observed in the function of the eyes lead to 
similar conclusions, as is indicated in the following paragrajAis. 

We have seen that immediately after the operation there 
is a tendency to deflect toward the normal side. This deflec- 
tion is in part owing to a turning of the anterior end toward 
the normal side but it is mainly owing to a sidewise movement, 
the feet being extended somewhat laterally in place of directly 
forward, in such a way that when the insect directly faces the 
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light and the longitudinal axis is parallel with the rays there is 
still a deflection toward the normal side. Decrease in deflec- 
tion is brought about in part by decrease in the lateral extension 
of the feet on the normal side (fig. 8) and in part by a change 
in the axial orientation so that when the insect is going directly 
toward the light the longitudinal axis makes an angle with the 
rays of light of about 10°. Consequently, when Eristalis with 



Fig. 8 Sketch showing lyrist alls, witli right front ana mitldle legs removed, 
going toward the light nearly directly forward. Such specimens usually move 
somewhat sidewise in going toward the light , Arrows, direction of rays of light. 

front and middle logs on one siilc missing is progressing directly 
towarti a liglit it does not directly face the light and the two 
eyes are not e<[ually illuminated dig. (i. E), iiulicating that there 
has ])een a change in the relation between the location of the 
stimulus in the eyes and tlie direction of locomotion of such a 
nature as to tend to maintain normal behavior: in other words 
that this asymmetrical creature has learned that in order to 
go directly toward the light it is necessary to face toward a 
point somewhat to one side of the light so as to compensate for 
the lateral deflection owing to the loss of two legs. 
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It may be contended that the strong lateral progressive move- 
ment observed immediately after operation is due to stimuli 
produced by the injury resulting from the cutting of the legs 
and that the decrease in this lateral movement is owing to a 
gradual decrease in the magnitude of these stimuli as the wounds 
heal. There is, however, much evidence that militates against 
this contention. 

1. In specimens with one leg removed there is very little if 
any deflection. 

2. Specimens tested immediately after the removal of two 
legs do not appear to deflect more than those not tested until 
several hours later. 

3. After marked decrease in the lateral deflection there was 
observed in certain specimens, a marked increiise again. This 
was especially prominent some few days before death, and it is 
therefore probably, as previously stated, associated with a 
decrease in vitality. 

4. For some time after the front and the middle legs on one 
side have been removed the hind leg on the same side appears 
to be paralyzed. At first it does not function at all. It is 
merely dragged along and in some instances it does not even 
prevent the fly from falling over. Gradually it assumes a more 
normal position and finally it functions apparently in perfect 
coordination with the other legs. The reactions of these legs, 
however, also become somewhat modified in the process of 
readjustment. Both the front foot and the middle foot are 
held some^^hat nearer the median axis than they normally are, 
so as to prevent falling when the hir\d log on the opposite side 
is raised in walking (fig. 8). Thus we find readjustments in 
the position of the legs in the fly somewliat similar to those 
found in a dog when it walks on three legs. 

Now, all of these facts seem to indicate that decrease in 
deflection in specimens with the front and the middle logs on 
one side removed is, to say the least, not duo entirely to a de- 
crease in the stimulation of injury owing to healing of the wound, 
and that it is at least in part due to readjustment in the co- 
ordination of the action of the legs. 
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If the conclusions thus tentatively put prove to be correct, 
they will be of considerable interest for they will show that there 
is in Eristalis an innate tendency to proceed toward the light; 
a tendency of such a nature that if the light cannot be reached 
by the actions normally employed, others are used. Normally, 
Eristalis turns until the two eyes are equally illuminated and 
then proceeds directly toward the light. After the front and 
the middle legs on one side are removed it again tends to face 
the light directly, but owing to the absence of some of tlie legs 
it deflects and does not proceed toward the light. Later it 
tends to face toward a point some distance from the light. The 
two eyes are now uneciually illuminated, but it proceeds directly 
towiird the light. If it cannot go to the light in one way, it 
apparently employs aimther. 

The results obtained in the observations on the reactions of 
Eristalis with one eye (‘overed, as previously stated, seem to 
indicate that impulsc^s originating in either eye may pass to 
and control the movements of the legs on both sides, ihe 
evidence we are about to ])resent sti'ongly supports this con- 
clusion. This evidence was obtained in s|)ecimens of Eristalis 
with the front and the middle legs on one side removed and 
either eye c<n'ered. It can be most readily presented in con- 
nection with figures containing reproductions ol typical series 
(d ]taths made in a horizontal beam of liglit inoduced by a 
Xenist glow(M' ])ro])erly screened. 

rbe paths re])r(uiuced in figure n were made by a specimen 
with the left fnmt aiul middle legs removed and the right eye 
covered; those in figure 10 by (»ne with the same legs removed 
hut witii the left eye covered. 

At the close of these expiMUiients after the s]>ecimens had dietl 
tile covered eyes of both specimens were carefully examined 
under a iiiiiocular. No openings were found; all of the facets 
were entirely covered. The outer surface of the eyes including 
the asphalt covering was then removed and examined under 
the compound mioroscojie. There was im indication that any 
light passed through, even with the strongest illumination at 
hand. It is consequently certain that the sensitive tissues in 
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the covered eyes of the two specimens used in these experiments 
received extremely little if any light. 

The first group of paths (A) reproduced in figure 9 were made 
November 5th shortly after the legs had been removed and the 
eye had been covered. The other groups (B-F) reproduced 
in this figure were made on November 6, 7, 10, 11 and 12, re- 
spectively. By referring to these paths it will be seen that the 
insect with the right eye covered and the left legs removed pro- 
ceeded toward the light in all trials, but that there was, especially 
at first, a strong tendency to deflect both to the right and to the 
left. In paths 1 and 5 (fig. 9, A) it deflected strongly to the 
left, in paths 3 and 4 strongly to the right and in path 2 strongly 
to the left in the first part and eciually strongly to the right in 
in the second part. By comparing the paths on the \*arious 
days it is at once evident that there was a definite decrease in 
the tendency to deflect. This is particularly marked in the 
paths made on November 11 (fig. 9, E). These paths show that 
in some of the tests made on this day the insect proceeded fairly 
directly toward the light deflecting but little either to the right 
or to the left. The deflections to the right which may be ob- 
seiwed in all of the pa tins produced the following day, November 
12th, was doubtless due to the unfavorable physical condition 
of the specimen, for it died several hours after these tests were 
made. 

The first group of paths made by the specuneii with the left 
eye covered and the left legs removed (fig. 10, A) was obtained 
November 11th, two days after the eye had been covered and 
two days after the front leg had been removed, but immediately 
after the middle leg had been removed. The following groups 
of paths were made on successive days November 12; 13, 14, 15, 
16, respectively. These paths show that there was during tlie 

Fig. 9 Paths of Eristalia showing oiToct on orientation of the loss of front 
and middle legs on one side and the eye on the ojiposite side. A, ll/o, p.in., 
immediately after removing left front and middle legs and covering right eye; 
B, 11/6, 3 p.rn.; C, 11/7, 4 p.in.; D, ll/lO, 4 p.m.; K, 11/11, 10 a,m.; F, 11/12, 
3 p.m.; / -5, successive paths; small arrows, direction of locomotion; large arrows 
ray-direction at middle of beam. Paths reduced by j linear dimension. 
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first set of tests (fig. 10, A) a strong tendency to deflect toward 
the side containing the functional eye and the normal number 
of legs, that this tendency decreased rai>itily so that on the 
following day it had practically disappeared, the deflections to 
the left having been fully as great as to the right (tig. 10, B), 
and that there was marked improvement in the accuracy of 
orientation, the movement toward the light in the last group of 
tests (fig. 10, F) having been surprisingly direct. 

This specimen lived until Xovember 22iul. but no more tests 
were made. In both sj)ecimens, but especially in the one with 
the right eye covered, there was at first consider:! hie difliculty 
in locomotion evidently owing to improper coordination. Tliis 
was particularly noticeable in the hind leg on the left side, the 
side from which the front aiul the middle legs had been removed. 
Improvement in the accuracy of orientation was in part due to 
improvement in coordination, but it was also afl’ected lyv an 
apparent change in the relative sensitiveness of difTereut ])arts 
of the eye. At first circus movements toward the functional 
eye were prevalent in both specimens, but more so in the one 
with the functional eye and legs on the same side th;m in the 
one with these on opposite sides. Later the circus movennaits 
disappeared entirely. This was prol^ably owing to a decrease 
in the sensitiveness of the lateral and the posterior portion of 
the eye in relation to that of the anterior portion. This is sui>- 
ported not only by the fact that the tendency to deflect toward 
the functional eye decreased but also by the fact that, while 
at first light directed toward the anterior surface of the right 
eye from the left did not induce turning toward the left, i.e., 
toward the side with the covered eye, later under precisely the 
same conditions it di<l induce turning in this direction, indica- 
ting clearly that there was a change in the relative sensitivity 
of the different portions of the eye. 

Fig. 10 Patlis of Krintiilis showing etTcct on orientation of the Iosh of front 
and middle legs and the eye on one side. A, 11/11, V2 m. ijnmediately after 
removing middle left leg and two days after removing front left log and covering 
left eye; B, 11/12, 2.15 p.m, ; ( \ 11/13, 5 1>, 11/14, 4,30p.m.iK, 11/1.5, 3 p.m.; 

F, 11/16, 2.10 p.irn; suecessivc* ]iaths; small arrows, <lirection of locomotion; 
large arrow.s, ray-direction at middle of hnani, l^iths reduced by | linear 
dimension. 
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Both specimens, the one with the left eye covered as well 
as the one with the right eye covered, in moving toward the 
hght invariably oriented so that the longitudinal axis made 
an angle of approximately 30° with the direction of the rays, 
the normal side facing the light. They were in fact pulled 
sidewise toward the light by alternate lateral extension and 
flexure of the legs on the normal side. The hind leg on the 
opposite side did not appear to take any part in the process. 
In some instances it was indeed very evident that it was being 
dragged along without any indication whatever of normal 
stepping movements. 

If the light was moved either to the right or to the left after 
the insects had assumed a definite axial position, they at once 
turned either to the right or to the left until they again had the 
same axial position they had had before the direction of the 
rays was changed. This proves conclusively that the move- 
ments of the legs may be controlled l)y impulses from either 
eye. If, e.g., the light is directed toward the lateral surface of 
the right eye, the front right leg is extended laterally to the 
right and the animal is pulled toward the light; if it is directed 
toward the lateral surface of the left eye, this leg is extended 
forward and toward the left beyond the median plane and the 
animal is again pulled toward the light (fig. 7). In these reac- 
tions the remaining legs on the same side respond in such a way 
as to facilitate the result of the action of the front leg. Thus 
it is pulled toward the light either to the right or to the left 
by the same legs depending upon whether the right or the left 
eye is illuminated. Illumination of a given region of the retina 
in one eye induces a given set of reactions in the legs on one siile, 
illumination of the same region in the other eye induces reac- 
tions in the same legs but of a quite different sort. The.sc are 
clearly actual responses, responses similar to those observed in 
the scratch-reflex in dogs or cats induced ])y local stimulation 
of the skin. They depend in character upon the location of 
the stimulus in the former just as they do in the latter and they 
can no more be accounted for on the basis of tonus-effects in 
accord with Garrey’s postulate (T8, p. 110) in the one than in 
the other. 
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Thus it is evident that the movements of the legs on both 
sides may be controlled by impulses originating in either eye, 
and that in normal specimens stimulation of a given region of 
the retina in one eye induces simultaneously reactions in the 
legs on both sides, of such a nature, however, that the effect of 
those induced in the legs on one side is facilitated by the effect 
of those simultaneously induced in the legs of the other side. 
We have demonsti'ated previously that the nature of these 
reactions depends upon the location of the stimulus in the eye, 
and that the illumination of different regions of the eye induces 
different sets of reactions in the legs; so that, within certain 
limits, stimulation of any given region of the retina is followed 
by certain specific reactions, differential responses to localized 
stimulation. We have also demonstrated that reactions in- 
duced by stimulation of any given region of the retina in one 
eye are modified by simultaneous stimulation of another region 
of the retina in the same eye. ^\diat, now, occurs when the 
same region of the retina is simultaneously stimulated in both 
eyes? What occurs when these regions are not the same in 
location? Wliat occurs when the stimuli in the tw(» eyes differ 
in magnitude, and what occurs when they are equal'? 

The experiments on orientation in light from two sources, 
considered in the following pages have a bearing on these ques- 
tions. They are of great importance for they have a direct 
bearing on the process of orientation in normal specimens, 

OIMKN'i'A'riOX I\ LUIHT TWO sorucKs 

Observations on tlic reactions in light from two sources were 
confined almost entirely to Eristalis. But in this form the 
reactions were studied in specimens both on foot and on the 
wing. Moreover, in some of the specimens studied on foot 
one eye was covered. 

In these observations it was found that Eristalis on foot 
orients nearly as precisely in light from two sources as it does 
in light from a single source. If specimens are exposed at the 
intersection of two beams of liglit which cross at right angles 
they go toward a. point between the two beams. If the light 
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in these beams is equal in intensity this point is located ap- 
proximately half way between the beams but if it is not equal 
the point is located nearer the more intense beam and the greater 
the difference the nearer this beam it is locatetl. This, the 
results obtained clearly demonstrate, but the precise location 
of the jx>int in question in relation to the relative intensity of 
the two beams has not as yet been ascertained. 

These results are in harmony with those obtained by various 
investigators on numerous other organisms. They probably 
hold for all iiR'ertebrates and for some vertebrates esjieciallv 
those with poorly developed eyes. (Mast, '07, Tl: Patten, T4: 
Dolley, Mb; Buder. M7, et idJ. Loeb's contention <’05, pp. 2, 82, 
208) that if tlie light received from the two snui'cos is unctjual 
the animals go directly toward tlie more intense, while if it is 
equal they go toward a point halbway between, receives no 
support. Some of the liigher animals, e.g.. the load (Mast, Mlj 
do go directly toward the more intense scnirce if the two arc 
unequal,^ but they do not go toward a point half-way l)etweeu 
if they are etiual. Loeb’s methods were very crude. lie made 
his observations in light received from two windows and did 
not measure the intensity. This doubtless accounts for his 
error. 

Buder (M7) in some very llu)rough work on JMiglena and 
('hlamydomonas obtained results wiiicli seem to prove con- 
clusively that the law of parallelogram <)f forces holds for these 
forms in so far as it refers P) the laTilion betwiaai tlirectioii of 


* Dollov maintiiiii.s that ih.is also liolds for s<>ino insects, C'^pccially the l>uinl>lc- 
hee under certain eotidiiions ;|)crsoi!ai cc,::u'>unir;it inn ■ . Uuddcnhrock (/IT' 
obtairunl results \vhicl\ indicate tliat it also holds for ceri :ini ein<>r[>illars. 

" Loed) .says i’I.n, p, 75]: ‘‘The writer ol)s<*rveii that if heliotropic aninial.s are 
exposed to two equidistant lights of erpial intensity they move in a line [>erpen- 
dicuiar to the line conntM-finfr the two iifthls." and iti this connection In' refers to 
previous works pithlished in ISIH) and lt)t).V In these re h recces '/W. p. 71. and 
*05, |>. 01) he says; ‘ \\ hen tht' difTuse daylight which struck tlm larvae catne from 
two windows the planes of which were at an anjjile of iM)" with each oth(>r, the paths 
taken by the larvae lay dia>;onully betwc<‘n the two planes. ’ In ii^ht reeeived 
from two windows as described above were the aniinais actually ‘“expnst'd to two 
equidistant lit^ht' of equal intensity,” as the autlnu' m.aintains? If not, what 
basis is there for his contenti<jn? 
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movement and the relative illiiniiriation received from two or 
more sources. Loeb maintains that this holds also for Littorina, 
but he presents no evidence in support of his contention. He 
says {’13, p. 473): ‘^Eine Littorina, die zwischen zwei anzie- 
hende dunkle Schirme . . . gcsetzt wird, wird von beiden 

angezogen und bewegt sich infolgedessen zwischen beiden, dem 
Faralellogramm der Knifte entsprechend.” The results ob- 
tained by the present writer on Volvox (’07) and on blowfly 
larvae (Tl) iiidicate that it does not hold foi these forms. These 
observations should be extended. Tliey have a direct bearing 
on the problem of orientation as will appear in the following 
pages. 

Loeb in various statements regarding orientation maintains 
that whene^’er an animal is oriented in light the photo-receptors 
on opposite sides receive the same amount of light. He says, 
e.g., ('13, ]>. 473), referring to oi'ientation of Littorina in light 
from two sources: “Das Tier stellt sich so ein, dass beide Augen 
gleiclimassig erleuchtet sind.’’ (T8, p. 47.) “In the case of 
unerpial illumination of the two eyes the tension of the sym- 
metrical muscles in an Jinimal liecomes unequal. In this con- 
dition the (Miual impulses of locomotion will result in an unequal 
contraction of the muscles on both sides of the animal. As a 
conseijuence the animal will turn automatically until its plane 
of symmetry is in the direction of the rays of light. As soon 
as tins happens the illumination of lioth eyes and the tension 
of symmetrical muscles become e(iual again and the animal 
will now move in a straight line- either to or from the source 
of light” (see also ’IS. pp. 70, 75, 70, 03). l^alten (^’14) siqiports 
this contention, at least in so fa.r as it refers to the blowfly larva. 
Does it hold for insects? 

When an insect is oriented aiul proceeds toward light from a 
single source or when it ])roceeds toward a point half way be- 
tween two sources of light of equal intensity and at equal dis- 
tances the two eyes receive the same amount of light and they 
are equally illuminated (tig. 11), but when it is oriented in light 
from two sources of unequal intensity, and proceeils toward a 
point which is nearer one than the other this is not true, the 
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eyes are not equally illuminated and they do not receive the 
same amount of light; this is demonstrated in the following 
paragraphs. 

An insect which is oriented in light from two sources of equal 
size and distance but of different intensities faces a point nearer 
one than the other as previously stated. If the relation between 
the intensity of the light in tlie beams produced by the two 
sources is such that the angle between the path of the oriented 
insect and the stronger beam is more than a certain number 
of degrees, approximately 15 for Eristalis, the light in either 
beam, owing to the direction of the ommatidia reaches the 
retina of only one eye. That is, the retina of the right eye 
receives light only from the source to the right and that of the 
left eye only from the source to the left. The light received 
is in the form of images of the two sources of light, one on the 
retina of either eye. These two images are equal in size but 
they differ in brightness and in location (fig. 12). The brighter 
image is farther foiward than the other and the greater the 
difference in brightness the greater the difference in location. 
If the angle mentioned is less than the stated amount ])oth eyes 
receive light directly from the stronger beiun, that is, one eye 
receives light directly from two sources and has tw’O images 
on the retina, while the other eye receives light froju only one 
and consequently has only one image (tig. 13). These images 
are all approximately the same in size but they differ in bright- 
ness. It is, consequently, evident that w’hen the insect is 
oriented under such cimdilions the two eyes are not equally 
illuminated and they do mff reeeive the same amount of light. 
^Moreover, Parker (;03) and Cole ('07) clearly demonstrated 
that the stimulating efficiency of light depends upon the size 
of the image on the retina, a given amount of light sj)read over 
a large area having a greater stimulating effect than the same 
amount spread over a small area. This may be due either to 
the fact that more rhabdomes are illuminated in the one case 
than in the other or to the fact that the illiuninated area extends 
farther back in the one than in the other. These facts show* 
conclusively that orientation is not necessarily dependent upon 



Fig. U. Caniorri. outline of h!>rizont itUert ion of thehc:idof Frist ali? showing 
location of stimuli in specimens oriented in light from two sources at equal 
distances and of equal size and intensity, b-l) and b'-h\ horizontal beams 
of light from two lamps so far removed that the rays are practically parallel; A, 
longitudinal axia of insect; E, eye with lines showing accurately the direction of 
the longitudinal axis of the ommatidia in ditTerent regions; B, brain; 0, optic 
nerve; Hj retina; /, image of lamp on the retina. Note that when an insect is 
oriented in light from two sources of equal size and intensity and at equal dis- 
tances, the two eyes are equally illuminated, there being one image in either eye, 
both located in the .satne relative position and equal in size and luminous 





Fig. 12 ('atnera oiiUiiie of a liorizontal ncct ion <if the lieaii of Frist alia showing 
location of stimuli in specimens oriented in light from two sources at equal dis- 
tances and of equal size but of difTerent intensities, an horizontal 
beams of light from two lamj).? so far removed that tlie rays are practically paral- 
lel; A, longitudinal axis of insect; E, eye with lines showing accurately the direc- 
tion of the longitudinal axis of the ommatnlia in difTerent regions; E, brain; t), 
optic nerve; R, retina; /, image of lamp on the retina. Note that the image in 
the left eye (the stronger image) i.s located much farther forward than the image 
in the right eye (the weaker image) ; and that when an insect is oriented in light 
from two sources of unequal intensity the two eyes arc not equally illuiniuatcd. 

15C 




Fig. 13 Carnorn out lino of a iiorizontal sooi io i of iho lieail of Kriiilali-^ showing 
location of niiinuli in spocitncns oricntoii in light from two sources at equal dis- 
tancos mnl of equal size hut of greatly ditTerent intensities, h-l\ and b' , 
horizontal beams of light from two lanqis so far renu'ived that the rays are prac- 
tically parallel:.!, longitudinal axis of insect : /f, eye with lines showing accurately 
the direction of the longitinlinal axis of the oniinatidia in ditTerent regions: />. 
brain; 0, optic nerve; A\ retina: J, image of lamp on the retina. Note that wlien 
Frist alls is oriented in light from two sources which ditTor greatly in intensity 
tlie two eyes are imt etpially illuminated, tliere being a strong imago in one eye 
and a weak and a strong one in the otluT. all ditTering in relative location. 
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equal illumination of the two eyes as is maintained by Loeb, 
Pat ten,® and others, and they indicate that when insects are 
oriented under natural conditions, the two eyes are rarely if 
ever equally illuminated. 

The results presented above support the conclusion, previously 
reached, that a given amount of light received by a given area 
near the posterior border of the retina has a greater effect in 
inducing turning reactions than the same amount of light re- 
ceived by an equal area of the retina near the anterior border; 
that there is, as one proceeds anteriorly, a gradual reduction 
in the sensitivity of the retina as measured by tlie effect of a 
given amount of light on turning. They show, moreover, that 
the turning effect of a given amount of light received by a given 
area of the retina in either eye is neutralized if the same amount 
of light is received by the same area in the other eye, or if less 
light is received by an area farther back in this eye. In other 
words, they show that to neutralize the turning effect of a given 
photic stimulus in one eye it re(piires in the other eye less and 
less energy as the area stimulated in this eye approaches the 
posterior border of the retina, provided the areas illuminated 
in the two retinas are the same in size and foi-m. 

In Eristalis on the wing the results obtained were very much 
less definite than those obtained in Eristalis on foot. They 
show, however, that when this insect is exposed to light from 
two sources it tends to fly toward a point ljet\veen the two 
sources no matter whether these sources are on a horizontal 
or on a vertical line. 


* Patten ('14, i)p. 202-207,}, in a valuai)lc paper on blowfly larvae, ai<5;iinunl 
that when these orf^ani-sms are oriented, the photo-rccepiors on oj)])()site .sides 
always receive the same amount of lifiht. On the basis of this assumption lie 
made extensive calculations and concluded that the photo-receptors, which are 
entirely unknown as to location, form and structure, must be inclined toward 
each other at an aiij.de, that tliey can not consist of “fixed eyes so placed that the 
tangents to the eyes at the optical axes are parallel." Loeb (’18, p, "Ip accepts 
this conclusion. The facts presented in this paper indicate, however, th.at the 
assumption on which the conclusion rests is not valid for flies, and tho.se pre- 
sented by Taliaferro (’20) indicate that it does not hold for flat worms; it con- 
sequently does not seem likely that it will hold for blowfly larvae. 
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The observations on specimens on the wing were all made in 
the dark room. Two 40-watt mazda lamps were mounted in 
opaque boxes, screened and arranged in such a way as to produce 
rather large beams of light which crossed each other at an angle 
of about 30'^. The lamps were 125 cm. apart. The flies were 
then liberated one at a time at a point 400 cm. from either lamp. 

When the lamps were on a horizontal line practically all of 
the flies flew towarrl a point between the lamps. The location 
of this point varied greatly, however, with different individuals 
and with the same individual in different tests. When the 
lamps were on a vertical line the results obtained were even 
more variable than when they were on a horizontal line. In 
some .series of tests practically all of the specimens flew toward 
various points below both lamps. In a few series a majority 
flew towards points alxu'c l)oth lamps. In others, however, 
a great majority flew toward points between the lamps. The 
effect of gravitation is undoubtedly involved in this inconsist- 
ency. It was noted that when the insects were not very active, 
as e.g., in low temperature, tliey invariably tended to go down 
as they flew toward tlie light, and that when they were most 
active they tended to fly toward points between tlie lamps. 
Why they sometimes persistently flew upwards I am unable 
to say. That there is, liowever. under the influence of light 
alone, a tendency to fly toward a jxiint between two sources 
of light is clearly indicated by the following results. 

On October 14th, 14 tlies were tested. Of these 9 flew toward 
])oints between the two lamps, 4 toward the upper lamp or 
jioints alxtve, and 1 toward a ])oint below the lower lamp. 

On October 17th. 19 flies were tested. Of tliese. 2 flew to- 
ward |X)ints between the lamps, 17 toward the lower lamp or 
points Inflow and none towa.rd the upper lamp or points above. 
Fourteen iff these specimens, the rest having been lost, were 
now tested with the lamps on a horizontal line. One flew to- 
ward a point between the lamps, 13 towaird points below the 
lamps ami none toward points above. 

On October 21st, 31 flies wore tested. Of tliese, 16 flew toward 
points between the lamps, 10 toward the lower lamp or jxnn ts 
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below and 5 toward the upper lamp or points above. Thirty 
of these flies, one having been lost, were then tested with the 
lamps on a horizontal line. Of these 17 went toward a point 
between the lamps, 8 toward points below and 5 toward points 
above the lamps. 

These results indicate that when Eristalis on the wing receives 
light of equal intensity from two sources of the same size it 
tends to go toward a point halfway between them no matter 
whether the sources of light are on a horizontal or on a vertical 
line. 

When ail insect at ecpial distances from two sources of light 
on a vertical line proceeils toward a point midway between the 
two sources, that is, when it is oriented under such conditions, 
the two eyes are equally illuminated and receive the same 
amount of light, but there are two images on tlie retina of each 
eye, one above and the other below the center of the anterior 
surface. If either of these images is eliminated in both eyes, 
e.g., by turning off one of the lamps, the insect turns upward 
or downward until it faces directly the remaining lain]) (fig. 8). 
i.e., until the two remaining images assume central ])ositions 
in reference to the anterior surfaces of the eyes. This indicates 
that when an insect is oriented in light from two sources on a 
\’ertical line, the turning etfect of either image in either ewe is 
eliminated by the effect of the other image in the same eye. 
This conclusion is supported by the results obtained in the 
following observations. 

If specimens of Eristalis with one eye blinded are exposed 
on a horizontal surface in a well-detined beam of light they turn, 
as ])reviouslv stated, toward the functional eye until the longi- 
tudinal axis makes a given angle with the direction of the rays, 
which varies greatly with different individuals and with the saim^ 
individual at different times, then they proceed in a fairly 
straight course until they approach the edge of the beam, where 
they usually turn and go nearly directly toward the light, re- 
maining continuously in the beam of light but very near the 
edge. If the direction of the rays is changed after they hav(‘ 
become oriented in the lieam, they inuneiliatcly change their 
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direction of locomotion until their course has the same angle 
with the rays of liglit that it formerly had. fn this process, 
they may turn either toward the blind side or toward the normal 
side. 

Dolley (’It)) repeatedly observed simibir responses in the 
mouniiiig-cloak butterfl 3 c He found that when specimens 
with <me eye covered are exposed in a well-defined beam of 
light, they tend to cross the beam at an angle, that the}" tend 
to turn toward the light as they approach the edge of the beam 
and that the angle of deflection, which varies greatly, is inde- 
pendent <jf the intensity. That is, that the course taken makes 
approximately the same angle with the rays regardless of the 
distance from the source of liglit. 

It is well known that illumination of the lateral and posterior 
))ortions of the retina induces turning toward the eye stimulated: 
and there is considertible evidence indicating that illumination 
of the antero-median edge induces turning in the opposite 
direction, while illumination of the central jiortion of the anterior 
jiart does not induce turning in either direction. 

When the insect in the beam faces the light directly there 
is an image of the st)urce of liglit on the retina located in the 
central portion of the anterior jiart of the eye (fig. 13). This, 
owing to its location tmids tf) induce locomotion diiectly for- 
ward, but the retina also recei\'es a certain amount of light 
reflected trom the background and this is so distributed that 
the enlii-e 1 ow(m- portion of it is illuminated. The illumination 
oi the lateral and jiosterior portion of the retina, faint as it is 
in eoiiiparison with that in the image of the source of light 
located at the anterior end, (*au>es the insect to turn toward the 
tunctional eye. As the insect turns the image of the source of 
light travels toward the antero-median edge of the retina, where 
it disapp^ui rs, wlien the insect has turned far enough so that the 
longitudinal axis makes an angle of about TV' with the rays of 
light (fig. 13). After this the retina receives light only from the 
background lint the antero-median edge receives much more 
than the posterior jxirtioii. d'he former tends to induce turning 
toward the blind side the latter toward the normal side. As 
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the insect turns the illumination of the retina decreases, but it 
decreases more rapidly on the posterior portion than it does 
on the anterior. The tendency to turn in the two directions 
consequently becomes neutralized, the insect becomes oriented 
and proceeds diagonally across the beam in a fairly straight 
course. However, as it approaches the edge of the beam the 
reflected light received by the retina from the biickground be- 
comes graduall}" weaker, but that received by the posterior 
portion decreases more rapidly than that recei^’ed by the an- 
terior ix)rtion. The insect consequently turns toward the Iflind 
side, and proceeds toward the source of light in close proximity 
with the edge of the beam where the lateral and posterior por- 
tions of the retina receive but very little light reflected from the 
background. 

These facts and considerations indicate that the turning effect 
of the illumination of the antero-median edge of the retina is 
neutralized by simultaneous illumination of the postero-lateral 
portion and that this neutralization requires relatively less and 
less light as the posterior end of the eye is approached. 

The evidence at hand, then, seems to indicate that in insects 
the turning effect of local illumination in the retina of one eye 
is inhibited by equal illumination of the same region in that 
of the other eye or by weaker illumination of a region relatively 
farther back in either eye. But how under these conditions 
of illumination is turning inhibited? It is evident (hat it could 
be inhibited by total inhibition of the effect of the illumination 
on the legs, or by an equal effect on the legs on opposite sides, 
such that they tend to move at the same rate or pull or push 
in opposite directions e( pi ally. 

J>oeb, Bohn and others, as previously stated, imply that it is 
prevented by a balance in the rate of tlie action of (lie legs on 
opposite sides. They hold that when an insect is not oriented 
and the two eyes do not receive the same amount of light, the 
rate of photochemical changes in them differs, and that owing 
to this difference, the activity of tlie legs on opposite sides dif- 
fers in such a way that the feet on one side move faster than 
those on the other, causing the animal to turn until the two 
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eyes are equally illuminated and the photochemical changes 
arc the same, resulting in an equal rate of movement on oppo- 
site sides and consequently no further turning. They main- 
tain that the orienting stimulus operates after orientation as 
well as during the process of orientation; that the rate of move- 
ment bears some specific relation to the amount of light received 
by the eyes; that the rate of movement of the feet on one side 
is controlled by impulses received from one eye and that of those 
on the opposite side by impulses r('ceived from the other e\’c. 
If this actually oljtains the rate of locomotion in oriented speci- 
mens should be s])ecifically related to the intensity of the 
illumination. Dolley (17) in a very thorough study on Vanessa 
found, as previously stated, that the rate of locomotion over 
a wide range is practically independent of variations in luminous 
intensity. Holmes (*03) obtained similar results in observa- 
tioiis on Volvox. Herms ('ll) found, however, that fly larvae 
travel more rapidly in higli than in low illumination, as did 
also the writer (;11), but the ditlerence in the rate of loco- 
motion found is so simdl in comparison with the ditTerence in 
the intensity of the liglit that it can have no practical bearing 
on the problem of orientation. Loeb ( 'tK), p. 59) maintains that 
ajAiids walk twice as fast in direct sunlight as in dirfiise sunlight, 
and he concludes that there is a very definite relation between 
ilhmiinalion and rate of locomotion. Moore and Cole { 21 ) 
maintain that in Popillia japonica the relation between the rate 
of locomotion and luminous intensity follows the Weber-Fechner 
law. There is, however, much doubt concerning the validity 
of these contentions, for Loeb iu his obsert ations did not exclude 
the eflect of ditTerence in temjierature and Moore and Cole 
did not exclude the time re{tuired for the insects to orient and 
to get under way. It is consequently clear that the evidence 
at hand indicates that the neutralization of the turning effect 
of illumination in insects is not duo to equalization of the rate 
of movement on o])posite sides. 

Garrcy (’18) contends, as previously stated, that orientation 
in insects is dependent upon the effect of light on the tonus of 
the muscles in the legs, that when the two eyes are unequally 
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illuminated the legs on one side are more extended than those 
on the other and that this results in turning until the eyes are 
equally illuminated and the effect on tonus is equal on both 
sides. He consequently holds that the light received by the 
eyes operates in producing tonus after orientation precisely 
the same as during the process of orientation. Now, if all of 
these contentions obtain we should expect in oriented insects 
a specific relation between the degree of extension in the logs 
on both sides and the luminous intensity to which the eyes are 
subjected. In strong liglit the legs on both sides should be Avell 
extended, in weak light well flexed <n’ vice versa depeiuling upon 
whether the reactions of the legs are controlled by impulses 
received from the eye on the same or on the opposite side. If 
the neutralization in question is accomplished by equality in 
movement in opposite direction on the two sides the degree of 
the extension of the legs should also be related to the amount 
of light received by the eyes. In strong light tiie legs on both 
sides should be markedly more extended than in weak light. 

Detailed observations on Eristalis were made in reference 
to this matter, as previously stated. In these observations 1 
exposed specimens in light varying in intensity from nearly 
darkness to more than 50,000 Jii.c. In some cases illumination 
was rapidly changed, in others slowly. In some cases the 
specimens were in motion when the changes were made, in 
others they were at rest. Similar ol^ser vat ions were also made 
on Erax. In none of these observations was tliere any deli nit r 
change in the degree of extension of the legs correlated with 
changes in the amount of light received ])y tlie eyes. Conse- 
quently, if there is any relation between illuitiination and th(' 
degree of extension of the legs in oriented specimens of ]’]ristalis 
or Erax it is certainly very slight. It may. then -fore, l)e con- 
cluded that in these forms, when they are oriented, tlio turning 
effect of the light is neutralized b}' inhibition, iind not by equnl 
tonus or by equal action in the logs on opposite sides; that the 
orienting stimulus ceases after orientatif)n has been attsiined: 
that the effect of photochemical or other changes in one eye 
is in some way inhibited by similar changes in the other eye. 
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These results also indicate tliat the tilting in one-eyed organ- 
isms observed by Radi (’03j, Holmes ( 05), Mast (Tl), (iarrey 
(T8), and others is prevented, uiuler conditions of equal illumi- 
nation of the two eyes in normal animals, by inhibition of the 
reactions which produce it and not by an eciuality in the reactions 
on opposite sides as ( Iarrey (T8) seems to hold. 

How this inhibition is accomplished is not known, l)ut the 
central nervous system is certainly involved. It may be that 
it is accomplish(‘d by interference in the impulses originating 
in the two eyes in accord with Verwonds theory of inhibition 
(’13, pp. 20t>-234). Results recently obtained by Dolley ^’20) 
lend some sui)]')ort to this view. This matter will be referred 
to in some detail in tlie following section on the nature of photic 
>timuIation. 

The results obtained in the obseia-ations on the reactions in 
light from two sources demonstrate, then, that when insects 
arc oriented under sucli Cdndititms. the two eyes are not etpially 
illuminated unless the two sources of light are etpial in size 
and intensity and at 0(iual distances from the eyes. They 
indicate that the two eyes are rai'(4y if ever e([ually illuminated 
in insects oriented under natural couditions. And they show 
that when an insect is oriented tlie light lias no immediate 
oliservable elTect on the legs, tliat the stimulating effect of the 
illumination of one eye is inhibit (al in tlie central nervous system 
by the simultaneous illumination of the other eye. 

But if the insect is not stiimilatevl after it is oriented and 
therehv eontiiiuously held upon its course, as the De (Amdolle- 
Verwoni theory demands, how is it that it can proceed so di- 
rectly toward a source of light:* It is well known that insects 
in the absence of photic stimulation proceed for coiisideral^le 
distances in fairly straight ('nurses. consei[uently. if the orienting 
stiimilus ceases after they are oriented, one would expect them 
to continue for some distance directly toward the light. 
But if they do turn the location of the region illuminated 
in the eves immediately changes and tliis results in stimu- 
lation and reorientation. By referring to tigure 11 it can 
ri'adily lie seen how the location of the luminous images in 
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the eyes change with changes in the axial position of the insects. 
If the insect, as represented in this figure, turns to the right, 
e.g., the image in the right eye moves forward and that in the 
left eye moves backward. Thus even a minute deviation to 
the right or to the left from the position of orientation results 
in a considerable change in the relative position of the images 
in the two eyes. The amount of change required to induce 
orienting responses is not known but it is probably very small, 
so that only very slight deviations from the oriented position 
would be expected. 

THE XATUKE OF THE STIMITA’S* 

It has been well known for many years that in certain reac- 
tions the stimulus depends upon the time-rate of changes in 
the intensity of the stimulating agent, while in others it does 
not.^^ Euglena, e.g., responds under certain conditions, by 
suddenly turning toward one side if the light is rapidly decreased, 
but not if it is slowly decreased, no mat ter how great the decrease 
may be. Under other conditions it responds only if the light 
is rapidly increased. Engelmann ('82, p. 39')) designated tliese 
reactions ^Schreckbewegung’, Similar reactions have been ob- 
served by various investigators in many other organisms (Mast, 
Tl, p. 247). They are in fact found in practically all groups 
of animals from Ameba to man. 


® The term stiiriulus is used here in a general sense including all changes both 
external and internal involved in the production of iinjnilses and reactions. It 
thus includes processes which occur in the environ tmuit (the stimulating nge'it ; 
and processes which occur in the receptors (the stiinulu.'* in the restricted sense). 

i°Loeb says (’18, p. llDj: “When a gaUanic current is sent through a motor 
nerve the muscle answers w'ith a contraction only wluui the current is made or 
broken, but not \vhile a constant current is flowing through the nerve. The older 
physiologists were not able to form a mental picture of what happene<l in this 
case, and they cut the knot by invoking a verbalism, namely by calling the mak- 
ing or breaking of a current a 'stimulus’. Thus .Tennings an<l Ma.st1ook it for 
granted that phenomena of orientation by light could only be produced bv rapid 
changes in the intensity of light and not by constant illumination, since they 
had the a priori cortviction that, only a rapid change in the intensity of a galvanic 
current or of light is a ‘stimulus’.” 



PHOTIC ORIENTATION IN INSECTS 


167 


These reactions are clearly of the Trigger’ or ^all or none’ type. 
They consist either of a single well-coordinated response or of 
several such responses in succession, after which the reaction 
ceases until the light is again changed. It is quite generally 
assumed that they are dependent upon photochemical changes 
in the receptors, and it is altogether probable that the accumu- 
lation of a given amount of some specific photochemical sub- 
stance is necessary to induce them, but it is clear that the ac- 

I am at a loss to know how Loch reached the conclusion stated in the preceding 
quotation regarding the ideas of ''the older physiologists," Jennings and Mast, 
concerning a '‘stimulus.” He must have overlooked two sections in Jennings' 
hook entitled “Reaction to the Constant Current” (’00, pp. S3-8!) and pp. 152 and 
104) dealing exclusively with reactions dependent upon the continuous electric 
current, and numerous statements in my writings. For example, in my hook 
('ll, p. l&i) I say: “In the orientation of this organism it seems probable that 
light acts as a continuous directive stimulation” (p. 208'. “There is direct evi- 
dence showing that the organism (Planaria) responds l)Oth to changes of intensity 
and to constant intensity.” and ^p. 223) ‘Tn these reactions light no doubt acts 
continuously us an orienting stimulus.” Moreover, similar statements will be 
found on page.s 111, 144, lfi2. 104. 173. 175. 200, 209, 210, 223, 233. 234, 245, 252. 253 
and 257. Furthermore, I have made .statements in several of my papers to show 
clearly that 1 have always a,s.sumed tliat continuous illumination may act as a 
stimulus. For example : 

(’10, p. 132) ‘‘This seems to indicate That the .stimulus which regulates the 
rate of locomotion is dependent upon the amount of energy received, that is, 
cunsfinit intcnsitiJ. not change of intensity." 

(14 a, p. 053) “ rhese re.sults would ho very serious imleed for the change-ot- 
intensity theory if this theory maintained that light acts (Ui Ivin producing. shock- 
reactions. I am, however, not aware that anyone ever held such a view. Light, 
a.s I have repcnt<'dly stated (1907 and 1911) in ail i>rohability has an effect on 
phy.siological processes (activity etc.) in organisms, an effect which bears a 
definite relation with the :imount of energy received." 

(’14 a, p. 0,50) ‘T have never maintaineil that the stimulating agent does not 
function in the process of (uientation in animahs in accord with the continuous 
action theory. In fact I l>elievn that it does so function in some animals.” 

(’It), p. 13) “Mast ('ll, p. 103) reached conclusions regarding the orientationof 
Kudeiulrium whieli are in harmony witli the work just mentioned [i.e.. the con- 
tinuoirs action theory of orientation!.” 

Regarding the nature of the electric stimulus I never expressed in writing an 
opinion of any kind. In view of all this evhlencc to the contrary it seems strange 
that anyone sliould accuse Jennings and myself of having ”theo priorf conviction 
that only a rapid change in the intensity of a galvanic current or of light is a 
stimulus,” 
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cumulation of this substance is not proportional to the amount 
of light-energy received by the receptors, for the required amount 
is not accumulated, no matter how much or how little light 
may be received, if the change in intensity is not sufficiently 
rapid. The fact that the required amount of this substance 
is not accumulated if the intensity is slowly changed, indicates 
that it is removed either by further chemical changes, crystalli- 
zation, transportation or adsorption, at a rate which prevents 
its accumulation in sufficient quantity to induce a response. 

There are, however, also reactions of the hill or none^ type, 
which are within wide ranges independent of tlie time-rate of 
change in the intensity of the stimulating agent. In these, 
just as ill the former, there is a definite threshold. A considera- 
ble amount of light-energy must be received by the reeejdors 
before there is a reaction, but the amount necessary to induce 
the reactions is within certain limits constant regardless as to 
whether it is received rapidly or slowly. This indicates that 
an accumulation of an appreciable amount <»f a specific |)hoto- 
chemical substance is necessary to induce the reaction, and that 
this substance is, during the process of formation only slowly 
removed, if at all. Results obtained by Rwald {'b^ and M4) 
in observations on the photic reactions of the eye of Daphnin: 
by Hecht (TS and TO) in observations on Ciona ami Myn : 
by Obreshkove ('‘21) on tadpoles; by Folger {'22) on Amelia 
and by the writer on \ olvox (not yet pulilished) indicate that 
some of the responses in all of these forms are of this type. 
Such responses probablv occur in many other forms. 

There are numerous responses which proceed without :iiiy 
change in the illumination of the fiehl. Many of these arc. 
however, like some of those mentioned above, df‘pondeiit upon 
the time-rate of change in the intensity of the light received 
by the receptors, such changes being brought about by clninges 
in the jKisition of the org.ani.^^m, of such a nature that various 
surfaces are alternately turned toward and from the sou ire 
of light. Owing to this the illumination of the sensitive ele- 
ments in the organism may change from practically zero to 
thousands of meter-candles without any change in the illumina- 
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tion of the field, resulting in reactions of the 'all or none’ type. 
Changes of this sort may even occur in the absence of postural 
changes in the organism, because of internal movements, proto- 
plasmic streaming, movement of pigment granules, and the 
like. It is, thereft)ro, evident that it is very difficult to exclude 
the possibility of changes in the intensity of the light on the 
sensitive tissue. 

There are, however, responses in which such changes appear 
to be absent, responses which continue indefinitely and in which 
the agent probably acts continuously; for example, certain 
reactions to constant electric currents, and some re.^ponses to 
light and temperature, especially those which involve irrever- 
sil>le changes in giowth or chemical constitution. Such reac- 
tions are probably found in the orienting responses of plants 
and certain animals, e.g., the i^eiuling of plumules [uid tube- 
worms t()war<i the light and tlie bending of roots toward the 
center of the earth. It is maintained by some investigators 
that there is nothing in the nature of an ol)scrvable threshold 
in these responses. Arisz, for example (Ml and l.V), holds 
that, in the plnnndes of Avena, it is impossible to ascertain when 
the response begins, but he is inclined to think that it begins 
immediately after tlie ai>pIication of the stimulus. However 
this may be theoretically it is evident tliat there must l)e. as 
the amount of light decreases, a point below which there is no 
efTect. If this is true, there is with reference to fiireshold no 
fundamental differenee between Aarious responses, for in all 
of them a certain timount o{ stimulating energy is necessary. 
In some this amount is so large that it can rcaiiily be measured, 
while in others it is so small that it is not tx'rceptible, 

Parker Holm ('09), I oeb (M2). Minuich (M9\ (iarrey 
(MS), and others, maititain that photic orientation in insects 
is independeiU upon conlinuoiis ilhimiiiation of the photo- 
receptors and continuous action of light. MMiey conteml that 
the circus movement observed in insects with one eye covered 
prove this. It has been maintained by some investigators, the 
writer (Ml), and others, that the p<'issihility of changes in the 
illumination of (he sensitive elements of the retina have not 
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been excluded in any of the experiments in which circus move- 
ments have been observed, owing to the fact that extremely 
minute changes in the axial position of the eyes produce changes 
in the illumination of the retina if the light in all directions of 
space is not equal. 

In attempting to meet this criticism Holmes and McGraw 
(’13) held a butterfly by the wings over a circular disk in such a 
way that when it attempted to turn in one direction the action 
of the legs caused the disk to rotate in the opposite direction. 
They maintain that when the insect was laterally illuminated 
with light of constant intensity while it was held thus, it at- 
tempted to turn continuously toward the light, and they con- 
sequently conclude that light acts continuously in the process 
of orientation. 

Dolley (T6) repeated the experiments of Holmes and McGraw 
with some modification and confirmed their results, but he found 
that while the insect is attempting to turn toward the light it 
continuously moves its head up and down, and he maintains 
that this results in changes in the illumination of the sensitive 
elements of the retina and that the conclusion of Holmes and 
McGraw is consequently not warranted. 

Holmes (T7) repeated the experiments, but he now fastened 
the head of the insect so that it could not move. He maintains 
that under these conditions the insect still attempted to turn 
toward the light, and he concluded as follows (p. bh): “Inasmuch 
as the conditions of the experiment were such as hardly to leave 
any room for fluctuations of light intensity to play any part, 
the only reasonable interpretation of the results is that they 
are due to the continuous action of the light.” He does not. 
however, exclude the possibility that the action of the insect 
in every case may have been due to tiie increase in illumination 
produced by turning the light on or by changing it from oim 
side to the other, for he does not state how long the action 
continued after the light was turned on. But even if the ob- 
served action was not de{>endent upon changes in the intensity 
of the light (I am inclined to think that Holmes is correct in 
his contention that it was not) does this warrant the conclusion 
that such reactions are due to the continuous action of the light? 
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In non-reversible reactions, such as the bending of a plumule 
toward the light, it is not difficult to conceive how a stimulating 
agent can act continuously, for in such reactions there is no 
return to the original condition, and consetiuently there is no 
time needed for restitution. But in a system in which the 
reactions are periodic or reversible, as they are in the muscular 
and nervous activity involved in the process of orientation in 
insects, the matter is quite different . In such systems there 
is after every action a return toward the original condition. 
Take, e.g., the action of the muscles in walking or flying, or the 
transmission of impulses in a nerve fibre. After the contrac- 
tion of a muscle or the passage of an impulse the system un- 
doubtedly returns toward the original state. The same is 
doubtless true for the photochemical changes that take place 
in the receptors. In all of the.-e systems there is after each 
action a process of restitution, and during the period required 
for this process it is impossible to see how the stimulating agent 
can act. It is, therefore, evident that continuous action of 
the stimulating agent in the systems involved in the process of 
orientation in insects does not seem jxTssible, and the results 
of recent cx])erimonts made by Dolley indicate that it does not 
obtain. 

Dolley (’20) in some extensive and carefully controlled ob- 
servations on the butterfly, A'anessa antiopa, found that the 
stimulating efficiency of light is, under certain conditions, higher 
if it is applied periodically than if it is applied continuously: 
that is. that a given amount of light-energy has a greater orient- 
ing effect if it is intermittent than the same amount has if it is 
constant. He fomul that at a flash-frequency of about 40 
per second or higher, intermittent has practically the same 
stimulating efficiency as continuous light, that as the flash- 
fre<piency decreases the stimulating efficiency increases to a 
maximum (considerably higher than that of continuous illumi- 
nation) at about 20 per second: after which it decreases, becom- 
ing approximately equal to continuous illumination at 10 j>er 
second and less at lower fiash-freipieiicies. He found, moreover, 
that the stimulating efficiency depemls upon the relation be- 
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tweeTi the length of the light and dark periods in intermittent 
illiiinination: that at 20 or 30 flashed per second, e.g., inter- 
mittent illumination with the dark periods three times as long 
as the light periods, lias a higher stimulating efficiency than 
it has Avith tlie dark and the light periods equal, and that the 
stimulating efficiency is still less if the dark periods are three 
times as long as the light. Similar results have recently been 
obtained in experiments on a tachina fly (Dolley, ^21). 

^^^lat do these facts signify? They seem to indicate that 
when a receptor is continuously illuminated it is not continuously 
stimulated: that there are periods during which the light acts, 
follo\^'ed by periods during which it does not; sensitive periods 
followed by noiisensitive (refractory) periods; periods in which 
light induces, in the receptors, photochemical changes in one 
direction followed by j^eriods in which the reverse (restitution) 
occurs: so that, when in intermittent illumination the light and 
the dark |)eriods harmonize ^^'ith the sensitive and the refractory 
periods, res])ecti\'ely, all of the light received is used in stimula- 
tion while in continuous illumination that received during the 
refractory periods is not used. If this is true, we would expect 
the sthiiulating efficiency of intermittent light of certain flash- 
frecpiencies to be higher than that of continuous light, just as 
observed by Dolley, and we would expect it to be of the ‘all 
or none’ type, light inducing in the photo-receptors the forma- 
tion of a certain substance and that in turn producing an im- 
pulse as soon as a given amount has accumulated. 

Dolley found, as previously stated, that the maximum ef- 
ficiency for Vanessa is at approxinuitely 20 flashes per second 
at room temperature. If the hypothesis presented above is 
correct, then in these insects stimulated by continuous illum- 
ination, at room temperature, appioxiinately 20 impulses per 
second pa,ss through each nerve element to the muscles. There 
is much evidence indicating that this is about the number of 
impulses i>er second that would pass, at room temperature, to 
the skeletal muscles in man during the period of contraction, 
especially in voluntary action. 
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3 he idea that the action of continuous illumination is f)eriodic 
as set forth above, is in harmony with all of the results obtained 
by Dolley on the relation between flash-frequency and stimu- 
lating efficiency. This interrelationship is diagramatically il- 
lustrated in table 1. In this illustration it is assumed that the 
maximum stimulating efficiency of intermittent light is at 20 
Hashes per second, and that at this flash-frequency all of the 
light-energy is used in stimulation. At 20 flashes per second 
the light ]:)enods are consequently represented as coinciding 
with the sensitive periods and the dark periods with the re- 
fractory periods: indicating that, in the time represented, there 
were sixteen units of energy, all of which were used in stimula- 
tion, while of the same amount of energy received in continuous 
illumination, represented in the first line, and in intermittent 
light of 80, 40 and 10 flashes per second, respectively, represented 
in other lines, only eight units were used, the other eight units 
lieing received during the refractory periods. Tlie stimulating 
efficiency of intermittent light with a flash-frequency of 80, 
40 or 10 per second ought, therefore, to lie equal to that of 
continuous light, while that with a flash fre([uenc 3 ' of 20 per 
second ought to be higher, and tliis is precisely what Dolley 
observed. 

In reference to intei-millent liglU with flash-frequencies of 
lo, 25, 30, etc., the results obtained do not fit so perfectly into 
the scheme under consideration. All of them can, however, be 
made to harmonize with it if certain assumptions are permitted. 
47ike, for example, intermittent light with a flasli-frequency of 
30 per second. This has an observed stimulating efficiency 
greater than continuous illumination, but less than intermittent 
light with a flash-frequency of 20 per second. This can be 
accounted for if it is assumed tliat restitution during the dark 
periods, owing to lack of time, is incomplete, and that this 
cause.s a decrease in tiie stimulating efficiency of the energy 
received during the suceeetling light periods, thus making the 
stimulalhig efficiency as a whole loss than that of illumination 
with a flash-frequency of 20 per second, and greater than that 
of oontinuous illuininatioii. (This assumption is in harmony 
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with results obtained in direct electrical stimulation of nerv^es. 
(Schafer, p. 475.) The observed stimulating efficiencies of all 
other flash-frequencies between 20 and 40 per second can be ex- 
plained in the same way. Those observed in flash-fre({uencies 
below 20 per second are readily accounted for on the assumpn 
tion that the flashes are longer than the sensitive periods and 
conseciuently extend over into the refractory periods, so that 
a portion of the energy received during each light period is not 
used in stimuhition. 1’his is clearly indicated in the illustration 
of the conditions which detain in intermittent light with a flash- 
frequency of 15 per second. 

The hypothesis presented is, consequently, in accord with the 
facts at hand. Further investigation will, however, doubt- 
less make certain inodilications necessary: for example, according 
to the hypothesis as illustrated the stimulating efficiency of 
light with 20 flashes per second should be two times as great 
as that of light witli 40 flashes per second. The results at hand 
show that it is greater in the former than in the latter, but they 
do not indicate how much greater, and it is altogether probable 
that the ratio between the efficiencies of the two is not in exact 
accord with that demanded by the hypothesis. Furthermore, 
we have assumed that tliere is an instantaneous passage from 
the sensitive to the refractory period, whereas there is. in all 
probal)ility, a gradual transition. We have, moreover, assumed 
that tlie sensitive and the refractory periods are equal. Some 
results obtained by Dolley ('20) indicate as previously stated, 
that this is tiot necessarily true. He found that intermittent 
light with 20 or flO flashes ]>er second has a higher stimulating 
eflicienev if the dark period is three times as long as the light 
period, than it does if the dark period is equal to the light period, 
and that it has a higher eflicienev if the two }>eriods are equal 
than it does if the light ])eriod is three times as long as the dark. 
(Vinsequently, if a mejflor receives a given amount of light- 
energy in a given time followed by a dark period as long, the 
stimulating ctlect is greater tlian it is if tiie receptors receive 
the same amount of ligld energy in a longer time followed by 
a shorter dark period. In lower liasli-freqiiencies it was found, 
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however, that the shorter the dark periods the higher the stimu- 
lating efficiency (table 2). The fact that at certain flash-frequen- 
cies the stimulating efficiency is at a maximum when the dark 
period is longer than the light jieriod, indicates clearly that the 
refractory period is longer than the sensitive period. The signi- 
ticance of the apparently contradictory results obtained with 
lower flash-frequencies is not clear, although they do not appear 
necessarily to be in opposition to the conclusion reached, for 
with them both the dark and light periods were so long that 
they probably extemled, in every case, boyon<l the limits of the 
sensitive and the refractory periotls, and the effect of this is 
entireh’ unknown. 

\\ e may, then, in so far as light is concerned, divide the stimuli 
(processes in the receptors) into two classes: one in which the 
jirocesses are periodic and reversible and one in wliich they are 
continuous ami irreversible. The former may again be divided 
into two classes: one in wliich the reactions are dependent upon 
the tijne-rat(^ of change in the intensity of the stimulating agent 
:md one in which they are not. 

A great majority of the reactions to light in animals belong 
to the periodic class. Ihere are. however, sona* which appear 
to belong to the continuous class, e.g., the i)ending of Kuden- 
drium toward the light and the increase in activity in many forms 
in tlie presence of light. Ihit it must be admitted that we 
are still on doubtful ground here. In the reactions whioli be- 
long to the continuous class tliere is no perceptible tlireshold: 
the amount of stimulating energy necessary to initiate a response 
is veiy small; the I'esponse, as pre^hously stated, appears to be 
irreversible; it consists in movements in a given direction with- 
out a return: and the magnitude of it is probably specially related 
to the stimulating agent, althougli tliis has not as yet been 
deflnitely established in any case. 

.Vmong tlq‘ reactions to liglit in plants there are probably 
relatively many imu'e that belong to the eontiiuious class than 
there are among the reactions to light in animals, but here, too, 
the problem has not been investigated thoroughly enough to 
admit of very positive statement. 



178 


S. 0» MAST 


THE BUNSEN-ROSCOE LAW 

According to the Bunsen-Roscoe law, the effect of a given 
amount of energy is constant no matter how the two factors 
imolved may vary, i.e., a strong light acting a short time has 
the same effect as a weak light acting a long time provided the 
energy recei^'ed is the same. But if the amount of energy 
varies, then the effect varies in direct proportion with it, e.g., 
if the intensity remains constant and the period of illumination 
is doubled or if the period of illumination remains constant and 
the intensity is doubled, the effect is doubled. 

Ewald ('13) Patten (;14, p. 270), Loeb (’18, p. 18), and others 
contend that the Bunsen-Roscoe law holds for all reactions in 
which intermittent light of a given average intensity has the 
same stimulating effect as continuous light of the same inten- 
sity.’^ If this is true, and it doubtless is in certain respects, 
then there are no reactions for which the Bunsen-Roscoe law 
does not hold, for it is evident that if the fiash-fi'e<iuency of 
intermittent light is sufficiently high it becomes continuous, 
just as the circumference of a circle becomes straight when it 
is .sufficiently large. Intermittent light, therefore, has in all 


" Loot) says (’IS, p. 99j: “‘Mast has recently puhllslied experinu‘nts (>n the 
relative efficiency of the various parts of the sport rmn l)y a inetliod based on the 
assumption of the validity of the liunsen-Kuseoe law for the heliolropic orienta- 
tion of these organisms. If his assumption is correct, it contradicts the tiieorx' 
which Jennings and Mast have defended now for more than fifteen years; if Ids 
assumption is wrong, his experiments on the rolafive etiirieney of various j)arts 
of the spectrum cannot be correct. ... He d(S‘S not seem to liave notice<i lliat 
his method was based on this assumption.” 

In the e.\i>eriments referred to by Lwb 1 cuaiparnd the stimulating ePfect of 
light in different regions of the spectrum with that of int(Tmittent light of very 
high flash-frequency. By referring to tlie section on methods and materials in 
my paper (U7, p. 483) it can be seen that the vali<lity of my results is entirely 
indei)endent of the character and composition of the white light used provided 
only that these do not change. They would, in my opinion. !>e quite as valid if 
the Bumsen-Roscoe law or even Talbot's law did not apply to the orienting reac- 
tions of the organisms investigated as they would if it <lid, and tlie a8.sum])tinns 
made have, as far as I can see, absolutely no bearing on any ‘’theory whicli Jen- 
nings and Mast have defended. ” They certainly do not invalidate the idea that 
there are orienting responses which are dependent upon the time-rate of change 
of luminous intensity on the photosensitive tissue. 
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reaciio7is, those wliich are dependent upon the time-rate of 
change in intensity as well as those which are not, the same 
stimulating efficiency as continuous light provided the flash- 
frequency is sufficiently high. For the human eye the flash- 
frequency necessary varies from about 10 per second in very 
low illumination to about 60 per second in very high illumina- 
tion, and it is approximately the same for the eye of the fish 
(Mast, ’16, p. 220) and probably also for that of the butterfly 
(l)olley, ’20). If the flash-frequency is lower than this, inter- 
mittent light does not have the same stimulating efficiency as 
continuous light in any of these cases, and it is obvious that 
if it is sufficiently low it will not have the same stimulating 
efficiency in any reactions in any organisms. It is eonscquontly 
evident that there are no reactions to light which are not in 
acoortl with the Ibiiisen-Rtjscoe law in certain resj>ects and 
that lliere are none which are in aecord with this law in all 
respects. The statement, then so fre<|uently made without 
qualification that this or that reaction is in accord with the 
Himsen-Hoscoe law is meaningless: and the attempt made 
by a numlier of investigators to use the applicability of this 
law without qualiticaTi(>ns. as a criterion of ‘tropi.'^m’ is futile. 

It has been demonstrated for a mimbor of difTerent organisms, 
A vena, Ameba. \’oh’ox, Kudendrium, (dona, Mya, Daphnia, 
Rana (tadpoles), and others, that the ainoiiiiT of light-energy 
necessary to induce certain reactions is owr considerable ranges 
of intensity nearly (‘oust ant for each sjiecies. This indicates 
that within certain limits the Bunsen-Roscoe law holds approx- 
imately in reference to tiie initi:Uion, the threshold, in all of 
tliese reactions, but that it does not hold even approximately 
in any of them beyond these limits of intensity. In the in- 
tensities l)eyt)nd these limits, as well as in those within them, 
intermittent illuminaticin has. however, the same stimulating 
efficioney as continut)Us illumination, provided the flash-fre- 
queney is sulficiently high. (\)nse<pieiitly, while the Bunsen- 
Roscoe law does not hold beyemd certain limits of intensity in 
reference to the threshold as a whole, it still holds for shorter 
perii)ds. 
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In none of these cases is there, howevei, any evidence showing 
that the effect '\'aries in direct proportion to the amount of 
energy received. In this respect there is no evidence indicating 
that the Bunsen-Roscoe law holds in reactions, although 
it is not unlikely that such evidence may be forthcoming. It is 
well known that the magnitude of many reactions depends upon 
the amount of stimulating energy received by the receptors, 
but the relation between these phenomena is so complicated 
and variable that it has so far been impossible to state it in the 
form of a law. Ciarrey ('18, p. 121) implies that in the robber- 
fly with one eye covered deflection toward the functional eye 
bears a rather definite relation to the intensity of the light such 
that the insects under these conditions serve a ‘a crude photom- 
eter.^ He did not, however, carry the iiivestigations much 
beyond the qualitative stage. 

It may he concluded, then, that the evidence at hand indicates 
that the Bunsen-Roscoe law holds in certain respects for all 
reactions provided the time factor is sufficiently short and that 
it does not hold foi any reactions in any respect if the time 
factor is sufficiently long; that it holds approximately, within 
certain limits of variation in intensity, in reference to the amount 
of energy required to initiate reactions (threshold) but that it 
does not hold for any reactions in reference to the relation be- 
tween the stimulating energy ami the magnitude of the reaction. 

DISCl'SSlOX 

Much of the controversy concerning the process of orientation 
in organisms has its origin, 1 believe, in the tendency to refer, 
in discussing the subject, to theories of orientation or Hropisrns’ 
rather than to the various factors involved in the theories, to 
misconceptions regarding the factors implied in the various 
theories and to lack of precision and consistency in the definition 
of the various theories. For example, Loeb says ('18, p. 15): 
‘^The forced orientations of plants by out.sido sources of energv 
had been called tropisms; and the theory of animal conduct 
based on the symmetrical stnicture of their body was, there- 
fore, designated as the tropism theory of animal conducL'' He 
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thu^ oil page 15 restricts the term ‘tropism’ or orientations which 
are directly dependent upon ‘outside sources of energy’ and 
‘the symmetrical structure of the body.’ Rut as he proceeds 
he broadens the definition until at the close of the book (p. 172) 
he includes all reactions in all organisms, even voluntary actions 
in man. And yet he repeatedly refers to ‘the tropism theory' 
{pp. 93, 15(), 103, etc., etc.), hi the presence of so many dif- 
ferent sorts of reactions, all designated ‘tropisms,' one is at a 
loss to know which exemplify “the tropism theory.” And, 
indeed, there is evidence indicating that Loeb himself is at times 
not perfectly clear in reference to tliis. In one place ('IS, p. 143j 
he refers to the aggregating reactions by trial and error or ran- 
dom movement in Paramecia as ‘tropisms’: in another (p. 145) 
he says Jennings is probably correct in maintaining that they 
are not ‘iropisins.’ In one place i'12, j). 40) he says that re- 
actions which carry an organism toward one of two sources of 
stimulation are not ‘trojiisms’; in another (’18, pp. 156-163) 
he implies that t]ie>' jire. In one place ('18, p. 15) he contends 
tliat only those reactions which arc dej)eiKlent upon the direct 
action of the emironment and bilateral syimnetry are ‘tropisms*: 
in another ip. 172) he implies that neither (jf these factors are 
essential for he says. “The persistent court shij^ of a human 
male for a definite individual female may appear as an example 
(u’ persistent will, yet it is a coinjdicated tropism in which sex- 
hormonos and definite memory images are the determining 
iactoi's." In this phenomenon it is e\ident that syimnetry, 
a I least, is not essential for it (aanirs in asymmetrical individuals, 
d'he loss of a leg, an eye. an arm, an ear, does not i^revent court- 
ship! 

It is consixiuently iinfmssible to ascertain precisely what 
hoeb means by the j>hrase 'the tropism theory,' and the same 
may l)e said in reference to other theories of orientation. Con- 
cerning the factors invoKed in some of these theories it is, how- 
ever, md difficult to get a clear conception. 

The first explanation of orientation in organisms that I have 
discovered wiis given by Ray in 1693. Ray maintains that 
photic orient a ti(m in plants is produced by difTerence in the 
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rate of growth on opposite sides of the responding structure. 
He contends that plants growing near a window, bentl toward 
the light because the side facing the window is cooler than the 
opposite side, and conse(iuently grows more slowly. De Can- 
dolle ('32) gi\'es precisely the same explanation except that he 
maintains that the difference in the rate of growth on oppo- 
site sides is due to difference in illumination on opposite sides 
instead of difference in temperature. According to these explana- 
tions the following factors are involved in orientation: 1) Oii- 
entation is dependent upon the relation of the intensity of the 
stimulating agent on opposite sides of the reacting structure. 
2) It is the result of the balanced effect of the reaction of similar 
tissues s\inmetrically located on opposite sides of the orienting 
structures. 3) The responding tissues are stimulated directly. 
There is no division into receptor and motor tissue, no trans- 
mission of unpulses. 4) The response and the stimulus are 
specifically related in magnitude. 5) The stimulating agent 
acts continuously. It acts after the structure lias become 
oriented as well as during the process of orientation. 

Other factors which have been suggested by various authors 
as important in the process of orientation may be presented as 
follows: Ray-direction (Sachs^ 7()); Ohanges of intensity (Dar- 
win, ’80); VoUtion (Romanes, ’83); Muscle-tonus, Memory- 
images, 8ex-hormones (Loeb, ’97, ’18); Random movcmeiits nr 
Trial and error’ (Jennings, ’0(3) ; Differential responses to localized 
stimulations (Alast, Tl, T2j; Molecular polarization (Bohn. 
’20). 

Some of these factors have never been applied to orientation 
in insects, e.g., Trial and error,’ which in certain (|uartcr‘< has 
been so freciuently ruthlessly torn from positions it never occu- 
pied. This factor is under certain conditions of great im- 
portance in the process of orientation in flatworrns, earthworms, 
fly-larvae, certain molluscs (Copeland, ’18) and other organisms, 
but as far as I know, it has never been maintained, except in 
reference to phylogenetic origin, that it is of any considerable 
importance in the process of orientation in insects. Years ago 
certain investigators, Romanes, Grabcr, Lubbock, and others, 
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strongly emphasized ^'olition as a factor in orientation of insects. 
This contention, although, in my opinion, by no means positively 
excluded, has not been emphasized in recent years by any one 
of note. Bouvier CIS) says: ^'The old anthropocentric school 
has passed away; Ave no longer attempt to understand insects 
by comparing them to men."' It is, however, nevertheless, still 
vigorously attacked in unmistakable terms ^Loeb, T8, and 
Bohn, ^20), 

At present the Bay-Verworn or De C'andolle-Verworn theory 
as modified by T.ocb and others is widely accepted as offering a 
satisfactory explanation of oi‘ientati(jn in insects. This theory, 
in its modified form consists of five of the factors mentioned 
aboA'C, symmetry, difference of intensity, continuous action, 
tonus, and direct proportionality between stimulus and reaction, 
lo wliat extent are these factors actually involved in the proc- 
ess of orientation in insects'."' 

It is self-e\’ident that if the muscles in the locomotor ap- 
pendages on opposite sides of a bilaterally symmetrical organism 
have the same tonus and work alike, it will take a direct course 
and that if they do not have the same tonus and do not Avork 
alike it Avill turn. No experimental CAudence is needed to 
demonstrate tliis. It is also Avell knoAvn that if certain receptors 
symmetrically situated on ojijmsite sides, are unequally illumi- 
nated some insects tend to turn, whereas if the receptors are 
equally illuminated, they tend to take a straight course. 1 
should like to emphasize in this connect ion the interesting obser- 
vations of i^atten on the scorjhon t'17). It has, moreoA'er, 
been fairly clearly established that the degree of turning depends, 
und(‘r certain conditions, upon the extent of the difference in 
the intensity (.)f the illumination ol the recejitors on opposite 
sides. Fiuthennore. it has been fairly conclusively demon- 
strated that the orieniing reactions are not dependent upon 
a cimnge in the illumination of the receptors and that the tonus 
of certain muscles in the legs is. at least under certain conditions, 
dependent upon the illumination of the receptors. These facts 
luive been offered by various investigators in support of the fu^e 
factors which constitute the theory under consideration and they 



184 


S. O. MAST 


are, in my opinion, the only facts which lend support to this 
theory.*- Do they actually establish it? 

A. There is no evidence indicating that orienting reactions 
are in magnitude proportional to the stimulus. It has, however, 
been demonstrated that in certain organisms it requires a given 
amount of energy to initiate certain reactions involved in orien- 
tation. This probably holds for insects, although it has not 
as yet been demonstrated for these forms, 'riuis it may be said 
that if there is a proportional relation between stimulus and 
response it refers only to the initiation of the response, the 
threshold. 

B. The work of Holmes and his students seeins to demon- 
strate that the orienting stimulus in certain insects is not de- 
pendent upon changes of intensity on the sensitive tissue. Thus 
it apiK'ars that the continuous action factor holds for orienta- 
tion in some insects in a certain sense. The results obtaine<l 
by Dolley seem to show, however, that while orienting stimula- 
tion in these insects is not dependent upon change of intensity, 
the action of tlie sthnulating agent is not continuous. If this 
is true, it must bo admitted that in the strict sense of the word 
the continuous action factor does not hold. 

C. The remaining three factors, symmetry, difference of 
intensity and tonus, in so far as they lefer to orientation, all 
center around the idea that orientation is the result of some 

^‘’(lalvanic orientation in various ort^anisins l)el«uiM,in^ to widely .'Op;irate<! 
groups, e g., T^irameeiuni, \’olvn\. I'nicotnonel o.-, ami ainphiliian tadpoles, is in 
certain respect.; in harmony with thi.s theory. It is ofhm inaintainial that the 
proees-s of |>!iotie orientation is identical with tliat of galvann- orient at ion and 
that consequently it nm.st al.so he in harmony wit li (he t hcorv under consiilerat ion. 
This suppo-sed identity has, however, in my npininii, not hrcnfirinly estaldislied 
even in a .single ca.se. In tliose usually cite*! in liiis eonneetion. I’aleomonctes 
an<l \'olvox, tlie e\'ideiiee in supfiort of it is ecrtainly (v\t remely W(>ak. In \'olvo\ 
orientation in light is prohahly due to an increase in theelTeet of the stroke of (he 
flagella on tlie side of the eolouy farthest from the .sourer' of stimuhitirm (Mast, 
’07 J; in the electric eurrejif it is dm* t*> a dr*rT('asr' on the opj)t)sit<’ side (Bancroft, 
'07j. In Paleornonefes orientat i(jn in r lie rdr elrie r'ui r<*nt appears to rh'pend upon 
a direct etTrjct of tlie stimulating agent eitln'r on the inu.sele.s or on the in'rvous 
system; in orientation in light flierc^ i.s no evidener* indicating a rlireet eflfeet of 
the stimulating ag(‘nt ami tlie process appears to hr* fundamentally rlifTereiit from 
that which obtains in galvanic ori(*Mta’ ion, 
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sort of a balance between the action of symmetrically located 
receptors and appendages on opposite sides of the body, the 
organs on one side working against those on the other in such 
a uay that e(juality in action results in a straight course, and 
ino(iuality in turning. 

Some of the facts presented above support this idea but there 
are many otliers which are not in accord with it, for example, 
tlic following: 

1. ('ertain organisms, e.g., toads (Mast, ’llj, bumble-bees 
-Dolley, personal C(jnununieation), and caterpillars (Budden- 
hrock, 1/j when exjxjsed to light from two or more sources go 
directly t()ward one. Others, crabs (Holmes, 08j, go sidewise 
toward the light. 1 lie receptors arc consecpiently not equally 
illuminated in aii}' ol these organisms when they are oriented. 

2. Some lorms. e.g., Oaprella iMast. 'll) and insects on the 
wing turn at times toward tlie dorsal or the ventral Mirface 
wluai they orient. Ihese two surfaces are not svmmetrical. 
Orientation in reference to them can, therefore, not be dependent 
upon lailanced action in receptors and apjiendagcs. 

d. 1-ire-llies (Mast, 12) alter inoinentary asymmetrical stiinii- 
lalion turn through the proper angle and proceed, in total 
<larkties.s, directly toward the source of illumination. The 
ret(‘ntion of orientation in tliese insects is. therefore, not due 
(o continuous ccitial action in the receptors on opposite sides. 

4. Insects with one eye covered or with tlie front and the 
middle legs on one side removed orient fairly accurately under 
certain conditions. i'’(|iial action in receptors and appendages 
on opposite sides is iinpo.^sible in these. 

o. Hoblxu-llies under certain conditions, while thev are 
strongly tiltcal in one direction, turn toward the light in the 
opposite direction, tliat is. in the direction contrary t(^ that 
demanded by the tonus hypothesis as formulated by Ciarrey. 

t>. In orientation in asymmetrical forms, e.g., tadpoles of 
Amaroucium (Mast, '21) [iiul in some symmetrical forms 
which have hut a single median reeeiRor. e.g., certain snails 
Aopeland, 'IS), none, of the factors in the theory in question 
npply without nKHlificatioM. 
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7. When insects are oriented in light from two or ]nore sources 
differing in intensity, distance or size, the eyes on opposite 
sides are not equally illuminated. Consequently, when an 
insect is oriented out of doors under normal conditions, the two 
eyes are rarely if ever equally illuminated. 

These facts demonstrate conclusively, I believe, that sym- 
metry has no fundamental significance in the process of orienta- 
tion in insects, that orientation is not primarily dependent 
upon anything in the nature of a balance in the action of organs 
of any kind, symmetrically located on opjmsitc sides. There 
are, then, numerous facts which are not accounted for l)y any 
of the factors found in the Kay-\crworn theory as modified 
by Loeb and others. Any theory of orientation worthy of 
consideration should, it seems to me, account for these facts. 

In my investigation on the fire-fly (;TJ) 1 l^ecame convinced 
that orientation in these insects is the result of series of reflexes, 
the nature of which is dependent upon the localization of th(‘ 
stimulus in the eye. In this investigation it was found that 
the female in response to a flash of light produced by the male, 
turns the ventral surface of her abdomen toward him no matter 
where he may be located: and that the male, in response to a 
flash of light produced by the female, turns and flies or walks 
directly toward her no matter where she may l)e located. In 
both the response is carried out after the flash which induced 
it has disappeared. In both the extent and tlie direction of 
turning, i.e., the character f)f the reaction, tlcpcnds upon the 
location on the retina of the image produced by the dash. If 
it is near the posterior surface of the eye tlie response is markedly 
different from what it is if it is near the anterior snrfat'o t)i' 
near the dorsal or the ventral surface. The res])onso is not 
dependent upon anything in the nature of l);daneed stimulation; 
for, in many situations, only one eye is stimulated. In this 
form then orientation is clejirly dependent upon the localization 
of the stimulus. Stimulation of a given point in the retina of 
either eye sets up a series of coordinated responses in both wing< 
or in all of the legs, the nature and the extent of which depends 
specifically upon the location of the point stimulated, just as 



PHOTIC OHIENTATrOX IX IXSECT.S 


187 


the nature of scratch reflexes in a dog or a cat depends upon the 
localization of the stimulus, ihe orienting responses in the 
fire-fly are in fact in man}' respects similar to scratch reflexes, 
they arc actual reactions r)f the ‘all or norie^ type, not merel}^ 
tonus elfects. Not one ot the factors in the Ray-^"er\vorn 
theory as mf>dific^i by Loeb, Garrey. and others, presented 
above, are essential: neither symmetry, nor difTerencc of in- 
tensity, nor continuous action, nor tonus, nor proportionality 
between stimulus and resjxjnse. Localization of the stimulus 
and the structure faiiatomical, histological, and physiological) 
of the reacting system are the essentials in the process, a struc- 
ture which is nutted in the experiences of the organi.mi and 
its ancestors. 

Taliaferro in ol)servations on Planaria imlicates that 

tlie exjdanation given above lor orientation in the fire-fly holds 
alsj) in its essential teatures for this form. In specimens with 
one ey(‘ remove<I. in which ])liotic orientation is fairly accurate, 
lu‘ found tliat if the stimulus is located in the anterior portion 
(tt eitlier (\ve tlie animal invariably turns away from the side 
stimulated, l)ut that if ir is located in tlte posterior or the \en- 
tral ])ortion it invariably turns toward tliis side. The orienting 
res])onse in tliis torin is. {‘onsiajuentl}'. cTeniy dependent upon 
the loealization of the stimulus. He also found that only those 
rays which enter the vyv parallel wit It the longitudinal axis 
ot the rhalalomes, or laairly so, ai'e etfecti\e in stimulation. 
^Moreover, Huddenbrock t’ni. ]). :U()» maintains that localiza- 
tion of the stimulus in th(‘ i'yv is a ]U’edominant factor in orienta- 
tion in gastropods. And Radi iTo. p. 107) has expressed similar 
ideas in reference to insects. 

Is the elVect of localization of the stimulus essential in the 
proce.ss of ]>hotic orituttalion in insects in general, as it is in 
fire-flies, ami if so wha.r other faetors are involved? First of 
all it shouhl be Ixinie in mind that insect eyes are image-forming 
eyes. (\)nse(|uentl} . when an insect is exposed to a source of 
light which illuminates a large portion of the surface of the eyes 
there may be, owing to the formation of an image, only a minute 
portion of tlie retina illuminated, and the stimulus may conse- 
(luenlly ]>e confined to a \ery small region in the eye. 
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Now, as we have pointed out in the preceding pages, if the 
stimulus is confined to the retina of one eye and is located in 
the lateral or the posterior portion, the insects studied (Kri stalls 
and Erax) turn toward the side stimulated, just as the male 
fire-fly does; but if the stimulus is only momentary they turn 
only through a very short distance. They do not turn far 
enough to become directed toward the source of stimulation 
as does the fire-fly. Howe^'er, there is clearly a response in 
all of the legs, and the character of this response depends upon 
the localization of the stimulus. If the stimulus is located at 
the posterior edge of the retina, the legs on the side stimulated 
move backwartl while those on the opposite side move forward. 
If it is near the anterior edge this does not occur. In general 
the legs on both sides move in a coordinated way, in such a 
direction as to tend to turn the anterior end of the animal toward 
the source of stimulation. If the image is located at the pos- 
terior edge of the retina and the insect turns, the image travels 
forward; so that one point after another on the retina is stimu- 
lated, the stimulation of each point resulting in responses, which 
produce a slight turn toward the light. Thus, owing to the stimu- 
tion of successive points on the retina, the insect turns until tlu^ 
image reaches the anterior part jjf thi^ eye where it no longer 
induces turning. In some ves])ects tliese fu-ientiiig res]>onses 
are. in principle, like those in the tire-fly. In both there are 
series of reflexes dependent upon tiie localization of the stimulus,^ 
In the one these reflexes are. however, in iiiagnitmle less sj)e- 
eifically related to the localization than in the other. In the 
fire-fly momentary stimulation of a giv en spot near the posterior 
surface of the eye causes turning through :iii angle of or 
more, in other insects momentary stimulation of the same 
relative spot causes turning through only a very small fraction 
of DIE. In both there is no tendeiu'y tu turn when the stimulus 
is located in a certain region in the anterior portion of the eye. 
In the latter this holds regardless as to wh<»tlier one or both 
eyes are stimulated. Whether or not this also holds for the 
fire-fly is not known. 
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All of what has hefn said refers to stimulation (jf one e\'c 
alone. If botli eyes are simultaneously stimulated the responses 
are modified, hut this does not militate against the principle 
of dilTerentijil response to hjcalized stimulation. If the same 
legion in both eyes is simultaneously and equally stimulated, 
the insects rio not turn and there is no indication of a spreading 
of the legs as if those on out* side, in response to the stimulation 
in one eye tended to turn in one diiectioii while those on the 
n])posite side, in response to the stimulation in the other eye, 
tendeil to turn in the opjiosite direction: nor is there any indica- 
tion of gi eater activity on both sides. It must, con.^^equently. 
1)0 assumed \hi\\ stimulatiou in one eye is totally inhibited by 
e<}ual stimulation of the same region in the other eye. More- 
over. it must be as>uin(Mi tliat the response treflexes] induced 
by the stimulation of a givfai region in the retina of one eye 
are modified or inhibited by simultaneous stimulation of difTerenl 
regions of tlie other eye. in such a way that a given stimulus 
in oiH^ (\ve is noutialized by a progressively weaker stimulus 
in tlu' other eye. as one proceeds toward the postcrioi surface: 
for when au insect is oriented in light from two sources at the 
same distance but uneipial in luminous inten>ity tlie two eyes 
do in)t na'oive th<‘ same amount of liglit energy. Under such 
conditions the weaker image in the oiu' eye is farther back than 
die stronger in the otliei’. and the greater tlie difference in the 
illumination laaaawai from tlu‘ two sources the greater the 
difference in the location of the iinag(>s in tlu' two eyes digs. 
11 to Id), If. tlien. there is no turning eifect in eitlier direction 
when the insect is oriented and the effect of the stronger light 
in one (we is neutralized by the effect of the weaker in the other 
eye it must l>e because tlu' wt^akiu' image is huaited fartlicr l>ack 
than the stronger. M’liether oi' not there is anything in the 
nature of intt'gration in this juocess. I am unable to say. 

Similar etlects Inu’c la am ()l)ser\ ed l>y Haglione '/(Kb, Tioder- 
mann (dO), and \>s/i ('ll ' in reflexes in the fn^g. 'fliese inves- 
tigators found tliat in certain ner\'es there is no reaction if 
two sensory roots at the cord, eitiier on the same side or on 
opposite sides, are simultaneously stimulated, but that there 
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is a reaction if either root is stimulated alone. The reaction 
normally produced in the frt)g by the stimulation of a nerve on 
one side may consequently, if the results obtained by these 
investigators are valid, be inhibited by simultaneous stimulation 
of the same nerve on the opposite side. Dunlap’s discovery 
(’20) that ‘S'ision in one eye can be inhibited by stimulation of 
the other eye’’ and that this iidubitioii is dependent upon phe- 
nomena in the central nervous system also lends support to the 
\'iew under consideration. 

The preceding statements indicate that the turning or orienting 
effect of a spot of light on the retina decreases as it proceeds 
from the posterior edge of the eye forward. And the fact that 
insects with but one functional eye orient fairly accurately 
under certain conditions and proceed directly toward a source 
of light, indicates that the turning effect is zero when a certain 
part of the anterior portion of the retina is illuminated (fig. 13), 
If this is true then, wlien tlie part of the retina mentioned is 
simultaneously illuminated in both eyes, the al)sence of turning 
to the right or to the left is due not to inhibition, as it is when 
other parts of the retina are illuminated, but to the absence of 
stimulation which would iiuluce turning. And if this holds 
it is evident that if the illumination of the part of the retina 
designated has any direct effect on the movement of the organ- 
ism it induces responses which tend to carry it directly forwartl, 
i.e., directly toward the source of light, d'he e.\i)erimental 
evidence at hand indicates, however, that the rate of locomo- 
tion in insects is not to any considerable extent, immediately 
dependent upon illuminatlim. That is, the rate of locomotion 
is, within wide ranges, practically the same in different lumitious 
intensities pro\'ided the insects are iH)t subjected to tliese in- 
tensities for long periods. It must, therefore, be concluded 
that when an insect is oriented in light, the light has little or 
no immediate effect on locomotion, either in reference to direc- 
tion or in reference to rate. If this actually proves to be true, 
and a stimulus is defined as something which produces either 
a change in direction or in rate of movement, it must l)e admitted 
that after an insect is oriented and is proceeding toward a source 
of light it is not appreciably stimulated by the light. 
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The explanation of orientation presented has no bearing on 
the question ns to the nature of the stimulus. It would hold 
regardless as to whether the stimulus acts continuously or not, 
or as to whether it depends upon time-rate of change in the 
intensity of the agent or not. Xor does it have any bearing 
on the question ns to the relation in magnitude between the 
stimulus and the response. The facts presented in the preced- 
ing pages indicate, however, that while the orienting stimulus 
is not dependent upon change of intensity of the .stimulating 
agent oii the receptors, it is not continuous. They indicate 
that it is of the ‘all or none' type and that the orienting reaction 
is not proportional in magnitude to the stimulus, although it 
is dependent upon it. The initial iim of the stimulus, however, 
in accord with tlie Ihmsen-Roscoe law, doubtless requires within 
certain limits, a given amount of energy regardless of the rate 
of its reception. 

Ihdancetl stimulation and balanced response in reference to 
symmetrical r)rgans on ()]>posite sides plays a role in photic 
orientation under normal conditions, but not in an antagonistic 
or com])etitive sense, as implied by the Ray-\'crworn theory 
modified by I.oeb, (larrey, and others: and the role that it does 
j>lay is, in my opinion, superficial in impc»rtance. for insects 
with one eye (a^vered or with legs on one side removed can still 
orient. 

There arc. accoiding t(> the ex])la nation presented in the fore- 
going ]>ag(‘s, two essential factni's involved in the process of 
orientation in insects: series of coordinated reflexes dependent 
upon the hx'alization of the stimulus i differential lesponse to 
localized stimulation) and inhibition. This explanation is, 
I believe, in hannonv willi all of the facts known in reference 
to the pr«)c(‘ss of orientation in insects, and the factors involved 
arc fundamental in the jirocess of photic orientation in all other 
bilaterally symmetrical organisms with phntorecei>lors on oppo- 
site sides, and als(» in certain asymmetrical organisms with 
well differentiated eyes either compound or simple. However, 
in some bilaterally symmetrical forms, e.g., earthworms, flat- 
worms and fly hirvac, random movements (trial reactions) 
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play a predoniinant role aiul localization and inhibition are 
normally of little significance. In organisms with a single 
simple receptor, e.g., Euglena, inhibition does nob apply and 
localization applies only in a limited sense, for the location of 
the stimulus is probably always the same. In the colonial forms, 
Volvox, e.g., there is no indication that inhibition is involved 
in orientation; and while there are numerous receptors, dilfereji- 
tial response to localized stimulation is probably <jf little sig- 
nificance, if it exists at all. In higher plants, accortling to the 
results obtained by Fitting r07) the cells in the motor tissues 
act essentially alike, each motor cell responding imlivi<]ually 
in such a way as to tend to turn the entire organ involved toward 
or from the source of stimulation. If this is correct, orientation 
in these forms is not the result of a balance in the action of tln^ 
cells symmetrically located on opposite sides of the reacting 
structure. 

In some organisms the orienting stimulus depends uptjii the 
time-rate ot change in the intensity of the stimulating agent; 
ill others it does not. In some the stimulating agent acts <mly 
momentarily, initiating a series of re s])o rises which result in 
orientation without further stimulation; in other's the stimulating 
agent acts intei'inittently and in still otfier-s pi'oliahly continu- 
ously throughout the wliole process. 

It is not our purpose to pr*esent here an exhaustive analysis 
of the process ol orientation in the various groups of or*gariisms, 
but if we are correct in the statements made in reference to it, 
it is evident that it difler's greatly in dilferent organi.sins. Is 
there any indication that orientatimi is the same in origin and 
significance in all? 

Concerning the (piestion as to the origin and the biologifal 
significance of photic orientation, the (juestion as to why oi’gan- 
isms go toward or from the light, there is much divei’sity of 
opinion. The idea that the orienting reactions in insects are 
controlled by psychic jihenoinena, likes and dislikes, pain and 
pleasure and that their origin is similar to that of consciousness 
ill man, has long since pi'actically disa])t>eare(l among biologists 
who now in the main champion one of two dilTerent views, the 
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(,iie centering around the idea that the orienting reactions are 
fundamentally adaptive and originated like other adaptive 
characters; the other around the idea that they are fundamentally 
non-adaptive and originated accidentally. Darwin, Jennings, 
Ikiddenbrock, et til., are strong advocates of the former, while 
I.oeb is usually looked upon as the chief exponent of the latter 
\'iew. 

Jennings {'Oh} maintains that the process of orientation 
differs in different animals, tliat it is indirect in some, being 
dependent upon random movements iirvA and error reactions}, 
while it is direct in others, there being no random movements 
iuvoh'ed. lie holds that simple I'andom reactif>ns are more 
priinilive tlian random reactions wliich result in orientation 
dndireot orientation), and that these are in turn more primitive 
tliau direct orienting reacliuJis sucli as are found in the reactions 
of insects tt) light. lie contends that the latter developed by 
the elimination of useless movements, owing to readier resolu- 
tion of physiological states after experieiice. According to this 
view, then, direct orientation is a cojiiplex adaptive phenomenon 
dependent ui)(m the experience of lh(' ancestors of present 
species, and transmitted by inheritance. 

I.ool) maintains tliat orientation is essentially the same in 
ail organisms. ])[ants as well as animals, that it is among the 
>implest reactions, reactions in which the more complex re- 
-[>onsos have their (U'igin and that it is directly related to the 
(aivironiyient , like tlie orientation ol a weather \ano in the ^\i^d 
or iron liliiigs in a magnetic field or llaininond s mechanical 
dog’ in a beam of light. He contends that it is fundamentally 
iioii-adaptive, like the orienting i‘caeti()ns to electiieitA, \\hich 
occur only und(‘r ex]7crimcntal conditions, that experience in 
tile present indivi<luals or tfieir ancestors is not involved, and 
that learning and lieredity are not involved. These views he 
supports in unmistakable terms, basing his contention largely 
upon the facts that insects make circus movements, that in 
their jihotopositive react uuis they can he made to go from higher 
to lower intensities, that they often fly into a tlame and are 
hilled, tliat they sometimes lay eggs on substances which the 
larvae cannot eat, and similar well-known plieuomona. 
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That there are useless uon-adaptive orienting reactions to 
light in insects cannot be doubted, reactions which prove fatal 
in countless instances, but these reactions occur usually, if not 
always, under abnormal conditions and they consequently do 
not support the contention that photic orientation is funda- 
mentally non-adaptive. One might as well contend that, if 
a wolf, owing to positive reactions to meat, is caught in !i trap, 
positive reactions of wolves to meat are non-adaptive. The 
photopositive reactions of insects under normal conditions 
usually result in their escape from places of danger. They 
tend to preserve the individual and the race. They are, as a 
whole, adaptive and they doubtless originated in the same 
way as other adaptive reactions originated. 

Jennings^ view regarding the origin of direct orientation is 
supported by a mass of evidence (, 06 ), and while its validity 
has not been absolutely demonstrated, it is in full accord with 
the facts as far as they are known. Plowever, no matter whetlier 
this view is valid or not, if wo are correct in the conclusion that 
photic orienting reactions in insects consist of series of reflexes 
specifically related to the localization of the stimulus, it is evident 
that the orienting reflexes must have been somehow established 
by a process analogous to learning, either directly or by the 
elimination of certain responses in accoial witli the tlieory of 
natural selection; for the stimulation of different regions of the 
eye induces different series of coordinated reflexes, each of such 
a nature as to turn the insect toward the light. And sinc(‘ 
photic orientation is apparently as perfect in the young in- 
dividuals as it is in the old ones, the orienting reflexes must 
have been established in the ancestors ol the present races and 
handed on by inheritance. In other words, photic orientation 
in insects is an instinct dependent upon a structure which is 
founded upon the experience of tiie race. 

More()ver, photic orienting reactions in insects are specitically 
related to the future! Wdiy does illumination of a given region 
of the retina at the anterior end of the eye induce one series n\' 
coordinated reactions in the locomotor appendjtges, while o{[ual 
illumination of a region at the posterior end induces a dilTcrent 
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series? The reactions under both conditions tend to carry 
the insect toward the light. They have in some way become 
so related to the localization of the stimulus that the end in view 
is attained. Orienting reactions in insects consequently have 
a future reference. They are in reality reactions to a sign just 
as is the reaction of a dog to the picking up of a stone or a stick. 
Insects, like men. live in reference to the future as well as in 
reference to the past and the present, and they can no more be 
fully iimlers(f)od without considering the future in the one than 
they can in the otlier. 

I realize full well that tliese are teleological concepts and that 
teleology is in disrepute among i)iol()gists of the day. but I 
believe that this is due to a ri'sti'icted ^'iew of biological processes 
and to the appreliended eontradiction l)etween teleology and 
mecliauisiu. If teleological (‘once])tions lead to a more com- 
prehensive understanding of nature they should, of course, 
prevail reg.ardless of their relation to mechanism. 1 believe, 
however, that teleology and mechanism are in perfect harmony, 
for 1 believe with Huim' that the essence of cause is se(|uenoe 
.‘UhI, 0 (>Mse([uentI\', that in a series of interrelated phenomena 
for which the doctrine of <IeTeiniinism holds, future events are 
logically just as truly t]i(‘ cause of ])resent events as are those 
wldeh have ])a.ssed. 

But how can this be’’ One phenomenon is said to be eausally 
related to anothei if the one can not be omitted without pre- 
^■cnting the occurrenci' of the other. Whether or not the omis- 
sion of the one pre\ents the oceurrence of the other can be 
ascertained only by observed rei>etition, e.g., if a dog runs every 
time a stone is picked iij> and does not respond in this way when 
it is not ])icked up. it is said tliat the I’unning of the do" is caused 
hy the i)icking up of the ^tone. d'liis. and similar observations, 
it is maintained, show that the |)resent is causally dependent 
u]X)n the past; but Inn'e we not ]>recisely the same reason for 
saying that it is cjuisally dependent upon the future'.’ If an 
inexperienced dog sees a man pick up a stone he does not rum 
but if the man hits the dog with the stone ho runs; and if this 
is repeated a number of times the dog will run whenever he 
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sees a man pick up a stone. However, if the process is repejited 
a number of times without injuring the dog he will cease to run 
when he sees a man pick up a stone. This shows that the cause 
of the running reaction is an anticipated future phenomenon, 
for if this is omitted the reaction does not occur. The running 
reaction of the dog is consequently dependent upon future 
events in the same sense that it is upon past events. The 
response of the dog when he sees a man pick up a stone is related 
to what is likely to follow, tie is conserpiently living and re- 
sponding in reference to the future, and the same may be said 
regarding insects and various other organisms from Amcba to 
man, in which reactions to ‘signs/ Representative stijnuli,' 
’conditioned reflexes' occur. Certain reactions in all of these 
depend, not solely upon the present, but also ui)on the past and 
upon what may occur in the future. All of them have the faculty 
of binding time. If this is true KorzyhskiR (’21) contention 
that man is distinguished from other organisms by his ‘time- 
binding’ ability, applies only in reference to degree, if at all, 
for there are no organisms in which the reactions are solely 
dependent upon the present. 

SUM-\rAHV 

Eristalis and Krax are photopositivo on the wing as well as 
on foot. Eristalis orients exceptionally accurately osjK'cially 
when on fi')ot. Erax does not oilent very precisely. If laterally 
illuminated, both turn directly, without trial oi- random move- 
ments, toward the source of light. 

In orienting (ju the wing Eristalis turns up or dowji as well 
as to the right or left. This probably holds also for Erax. 
It cannot be due to unequal illumination of tlic two eyes as tlie 
Ra\'-Verworn theory demands. 

In light from two sources both go toward a point between 
the sources. The location of this point depends upon the rela- 
tion in the luminous intensity of the light received from the 
two sources. The greater the difTcrence the nearer the more 
intense illumination the point is located. 
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In flying specimens this holds no matter whether the two 
beams are in a horizontal, in a vertical, or in any other plane. 
This was observed in Eristalis only. It indicates that the 
orienting response dei)ends upon the location of the stimulus 
ill the eye.s. 

When Eristalis or Erax is oriented in light from two sources 
on a horizontal line the two eyes are not equally illuminated 
and they do not receive the same amount of light, except when 
the light received from the two sources is equal. Under natural 
environmental conditions tlie two eyes are consequently rarely 
if ever e(iually illuminated when these insects are oriented. 

Eristali.s and Erax with tlic front leg on one side removed 
orient nearly as precisely as normal specimens. If the direction 
(if the rays is clningiHl they turn toward the light either to the 
right or the left. 

If the front and the middle legs on one side are removed, 
Ju'ax usually goes fairly directly toward the light, but only for 
a short distance after which it usually deflects rather sharply 
toward the normal side: then it ordinarily attempts to turn in 
the opposite direction, but usually fails and falls over. Ihe 
movements of tlie legs are not well eo(')r(li Mated. Eristalis 
with the fnjnt and the middle legs on ()n(‘ side removed walks 
much more fret'lv than I'lrax. In a liorizontal beam of light, it 
at lirst defleets strongly toward the normal side, but after a 
few days it orients fairly accurately. This shows tliat orienta- 
tion is not ncee.ssarily dependent U]X)n equal or balanced action 
in locomotor aiq)en(Iages on o])]X)site sides in accord with the 
Ray-\Trw()rn theory. 

Sj)ecimens of Eia stabs ^\ith the front and middle legs on one 
side renio\'eil and either (\ve (aivered may under certain condi- 
tions proceed fairly directly toward the light. If the direction 
of the rays is changed while tliev are thus proceeding toward 
the light, thev reorient hy turning either to the right oi to the 
left, showing (hat the movements of the legs (Ui either side max 
ho controlled hy impulses originating in either eye. ol)ser- 
vations were made on Erax in reference to tins. 
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If the front and the middle legs on one side are removed and 
the eye on the opposite side is covered, illumination of the 
posterodateral surface of the functional eye induces backward 
movement of the legs on the normal side; illumination of the 
lateral surface, lateral movements; illumination of the anterior 
surface, fonvard movement; and illumination of the antero- 
median surface, forward mo\'ejuent to\N'ard the median line. 
This shows that the response depends in part upon the location 
of the stimulus in the eye, and not solely upon the magnitude 
of the stimulus. 

If one eye is covered Erax leans or tilts toward the normal 
side. This is the result of flexure of the legs on the noi’inal 
side and extension of those on the other side. The degree of 
leaning or tilting is greater in strong than in weak light, and it 
is greater on a white tlian on a black background. If the lower 
portion of one eye and the upper portion of the other an* co\'ered 
Erax leans toward the latter even if this eye receives less light 
than the other, i.e., it tilts toward the eye \\'hich receives least 
light. This indicates that tilting is largely deix*ndent upon 
the illumination of the ventral surface of the eye and that it is 
more intimately correlated with the location of the stimulus 
in the eyes than with the relation in the amount of liglU received 
by them. 

The tilted posture a])pears to be the result of an attempt to 
turn toward the light without moving the feet. It is held for 
long periods, even if the illumination wliich induced it is entirely 
eliminated. Consequently, if it is due to the effect of light on 
muscle-tonus, as Carrey juain tains, continuous light is not 
necessary for the maintenance of the tonus. 

\\dien Erax is tilted the legs on the blind side are much more 
extended than those on the normal side, and the feet conseciuently 
tend to move faster on the former than on the latter side, result- 
ing in a curved course (circus movements) as Carrey maintains: 
but this is by no means the only factor involved in circus move- 
ments, for Eristalis and many other insects perform these move- 
ments without tilting. The difference in the rate of movement 
on opposite sides, owing to tilting, may be a factor in orient a- 
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tion, as Garrey maintains; but it has in my opinion but little 
^significance for in many insects orientation occurs without 
tilting and in Erax it is, under certain conditions of illumination, 
actually accomplished by turning toward the side containing 
the greater extension of the legs, i.e., in the direction opposite 
that which would obtain if it were due to lilting, in accord 
with the tonus hypothesis. 

If one eye is covered both Eristalis and Erax turn in non- 
directive light continuously toward the functional eye. In 
higher intensities they turn, under certain conditions, more 
shari)iy than in lower. 

In a horizontal l)eam of liglit Eristalis with mie eye covered 
defloct>s strongly tinvard tlie functional eye at first, but later 
it orients fairly accurately. Tliis is probably due to readjust- 
inent in the orientation mechanism depending upon experience, 
but it may be due to a change in the relative sensitiveness of 
different regions of the retina in the nature of light adaptation, 
<leerease in sensitiveness in the jxistenor regions being greater 
than in the antei'ior regions. 'Ihis was not observed in Erax. 

These facts show tliat orientation is ]>ossil)le in specimens 
with only one functional eye. and that it is consequently not 
necessarily dependent u])on a balance in the elTect of the light 
on receptors located on o))posite sides. 

If in Eristalis or Ih'ax witli one eye c(»vero<L the stimulus is 
localized at the ]>osterior etlgo of the retina, the feet on one 
side move forward while tliose on the other move backward, 
the two front feet deflecting toward the side stimulated, the 
two hind feet from this side. If it is localized in the lateral 
]K)rti(ui both front feet move laterally tow aid the light, a^ do 
also the middle feet but to a less extent. If it is localized in 
the central part of the anterior surface of the eye the feet on 
l)()tli sides nmve forward and the insect does not turn. If it is 
localized at the antero-median edge it turns toward the co^cred 
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Up in the legs on both sides coordinated reflexes of such a nature 
that they tend to direct the organism toward the source of 
stimulation. Orientation is brought about by a series of re- 
flexes (diiTerential responses to localized stimulation) similar 
to the scratch reflexes in higher forms induced by stimulation 
of various points on the surface of the body. In photic oriejita- 
tion the nature of each series of reflexes depends upon the locali- 
zation of the stimulus in the eye just as the nature of the scratch 
reflexes depends upon the localization of the stimulus on the 
surface of the body. 

The turning effect of stimulation of a given region of the 
retina in one eye is obliterated by simultaneous stimulation of 
the same region in the opposite eye, provided the stimuli are 
of the same magnitude, ami by simultaneous stimulation of 
any other region in the retina of the opposite eye provided tla’ 
stimuli in the two eyes bear the proper relation in magnitude. 
If the stimulus in one eye is located relatively farther forwaol 
than that in the other eye, the former in order to ])roduce com- 
plete inhibition, must be stronger than the latter, if fartlier 
backward it must be weaker. 

The elimination of the effect of stimulation in one eye by 
simultaneous stimulation in the other eye is not due to antago- 
nistic action of the legs on opposite sides as demanded by tho 
Ray or De Candolle theory of orientation as applied tf) animal- 
by Verworn, Loeb, Bohn, and others. The elimination is due 
to the total absence of any appreciable effect of the stimulating 
agent on the muscles of the legs. When an insect is oriented in 
light, the light has no immediate observable effect on I he 
muscles. 

.\n insect can go fairly directly toward the light with nut 
being continuously stimulated and held upon its course because, 
in the absence of directive stimulation, it tends to take a straight 
course; and because if it turns slightly from the oriented jmsititm 
the locations of the illuminated regions in tlie retina change, 
setting up orienting reflexes which inunediately bring it back 
into the oriented position. 

The time-rate of change of luminous intensity in the held 
undoubtedly plays a part in the orientation of some insert > 
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but orientation is not necessarily dependent upon such changes, 
at least not in all insects, Orientation may occur without any 
appreciable changes in luminous intensity in the field or on the 
surface of the organisms. Hut even under such conditions, 
owing to alternate sensitive and refractory periods, the stimulus 
acts intermittently and the imiiulses are periodic, there being 
at room temperature in moderate illumination about 20 per 
second. 

The Hunsen-Hoscoe law liolOs in certain respects for all re- 
actions pro^'ided the time factor is sufficiently short; it does 
not hold for any reactions in any respect if the time factor is 
sufficiently long; it holds approximately, within certain limits 
of variation in intensity, in reference to the amount of energy 
reipured to initiate reactions f threshold', but it does not hold 
for any rea(’tions in rcfeience to the relation between the stimu- 
lating energy and the magnitude of the reaction. 

These facts and others prove conclusively that the tonus 
hypcytliesis, or any other that demands l)alaiiced action in 
receptors and locomotor a])pendages m opposite sides, does not 
fuliv account for orientation in insects. Ihey show that orienta- 
tion in these organisms is dejaaident upon series of coordinated 
reflexos in the legs ot\ l)oth sides specifically related to the loc.ali- 
zation of the stimulus in eitlu*r eye and inhibition of theefiect 
•)f illumination in one eye l>y simultaneous illumination in the 
other. 
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S(‘\'(‘i'nl I<n(‘}). Kiiiu' ;in(l Mooff'’ piiFii^liOfi :iii 

(-OUllI of tll<' rc-ll])' (il‘ (■l'(A>ilin ]'('ci|)ffM';(iIy ilic Iwc -])(^Oos 
nf 0:ilifnnii;i Si i’i»nHylnmit]oni' irMiicisc.^niis :ui<l 

SinniRA'ltK-ciitrotu- piirpiii'.'iiii-. (Apf^i'inKMil - Ainwod 

th(‘ philO of -p(‘(''u'^ (‘xhiltitfO Mumuly ]n;ii‘koil ^kfdetnii 

and ihaa lla’ >}i:ip(‘> la' ilu^ plunk werf' nhn 

rliaraOta-'nlMa lirakly -laK'd. lha I'art^ art* a- ln]]ii\v<: Piutci 
of pur(‘ >. ptii'piii'at aiv pyraniifiai in loiin. with :'Uio(ith. 
>lraiii;h(. rlnh-'liaprd a])i(':i] '•kckM ( m, ri-o'^'- liai’^ inid(A'(T 
anal and oral aiiiA alioii Ini'-. 'J and 4 . 1 he plut*a <>> S. iiaiici"- 

('amis am lari^nr. -iiicc l ho oiru;- Ii'olii they d(‘Vriop art' 

laru'(‘r than tlio-r of juiriairani'. In -liapn tin' plutt'in ol 
iVanri-caiiin i- rnundi'd at ila‘ ap('\ and li.a- loim; anin: tin' 
apical akclclon i- (an\-cd aunt covcr.'d with -pim'A \hv cfoS'^- 
hat> (ixcrlap nr fu>t‘ ai tin' {'laiici'. anal and oral anus ai’O loin:' 
li^. 1 a 

d'iic ivciproiad (‘I'o-c- h*illi diow dn' doiiic-diai)cd apex. 
ivlati\a'ly \nwz anii'^. ddio doalclon i>^ nnduiu. cliil»-diapcd. 
:is ill })ui'pui';i ! U", hilt -pitiy, with cn ''■--nar" and will) lon^ anal 
and oi'al arni> like S. I lanci-'canU'^ li.ti.'^. -n h. , . 

Poccndy the corn'd in'- oi mir (h^-cnpi io!i> an<l conchidoim 
lias Ihm'ii 'calk'd in (pn'<tion,’ -o it scenn hcsl to puhlisli >onic 
l>hotou:i'apld of the larva*'. 
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I take this cHaaision to thank Dr. (’. Nh'lsoii. of tiu' Zooloi*- 
K‘al laihoratory at Hul^ias. for making' tlu' j>hotonuci'0”:ra{)lis, 
Fiiiuro I >!io\\s tho o\itstaiuii[i^ trait- of th(' ]}ur(‘ franri- 
(*amis pluteiis, li^uia' '2 of tlu' piiri' pui'puratas. lao-iiro 1 i- 
of a partluMio^oaotic* plutiais of S. jaii’purat us. and tli(M‘('foic 
(loos not (liftVr ('sstaii ially from tlu‘ ])lut(M in li^airi* 2 . la.u'urc' 
^). and h ar(‘ fi'iHii the rosiilt.- of (a’ossini;' tlu^ of S. franri-- 
oanus with tlio sporm of S. i>ur]niratus. Idizuriw d ;ind (i shov, 
tlu' host (h'vc'lopnumt . ddu' lar^zo siz(' of tli(‘ plut(a ])roV(‘s th;o 
th(\v hav(' d('\a‘lop(Ml from tiii^ laiw'o fi'anoisoanns (‘ii;u:s. wliilr 
th(' oluh-s])ai>od apioal skolotons pro\a‘ puipiiraliis patoridty: 
."piiiiiM'-s of th(' skokaon. t'ompkai' (a'os>-hai- ('-p(“oi:dly ol('ar!y 
.-liow'ii in liii'int* ')■ atai lon^ ;tn;d ;iiid or:il arms .aii' ndioiaiid 
fr(tni tli(' fraiH'i-oamis mol her. 'Hh' >,am(' ('li.aract rrs arc 1" 
Ih‘ -iH'ii in tho two ]>luioi in fiuuro 7. 'rii(‘>r two ]ihit(a -ho\', 
hy tla'ir -mall >'}/.(' that they lia\a’ dtwialopi'd from purpiiralU' 
hhi‘ oluh— hap('d apiral -kohaon lurtlna' pro\a'> pui'piira- 
tu- ama'-try. hut th(^ -piiiiiu'-- ol tin* -koicion, conipkat' dtwa’lop- 
m(ait ot (a'o— har- and Iona anal and oral arm- pro\a‘- li'ama' 
canu- pat(a'nity. I'ho ilnnaaoiT {‘oiitain in 1 h(an-('l\ a-' 

-uffioii'n? (‘\id('no(‘ to diandc tin' i--in\ 

AtUmlion -hould al-o ht^ <‘a]lrd to tin' fa(a, \(hifli wa- (‘loarh. 
.-tat(Mi in ||i(‘ papnr rcaona'd |o, tliat -uch plutri ;i- -hown i: 
jiu'ur-;’- 7) and t> (‘ould h(‘ ohtaiiiod otil>’ in -ma!i numiHa-. l-'ii:iir* 
ropro.-(‘nt- a dof('(ai\a‘ plutiai- of tin' cro-- S. ihama-oanm 
./ S. purjnii'atus \ -ima^ the arm- and (a’o-— har- an‘ no’ 
do\'nlMp(Mi. ila‘ a]m'al skokaom liowawrr, i- (aniipkao and in ii' 
(‘liala(a(a'- ^iv(‘ -idli('i(‘lit 'Wtdi'mr of th(' alK'o-lry of tho -peri- 
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A demonstration of the stability of the 

GITNKS OF AN INBRED STOCK OF DROSOPHILA 
MELANOGASTKR LANDER EXPERLMENTAL CONDI- 
TIONS 

>rARGARET 0. MANX 
Liib'>ratorics of Zoology, V nivtTsibj of CaUfornia 
TWO CHARTS 

INTUODUCTIOX 

Fiftv-four yo.Trs Darwin said of the causes of variability, 
'^The sii)>ject is an obscaire (me; but it may be useful to probe 
our ignoGaiiee/* Wliile our ignorance of the causes underlying 
heritable variation is as jirofound today as it was then, certain 
developments in biology have so Tiarrowed the held that rela- 
tively definite tests are now jmssible. I he problems of variation 
following liybridi/ation can now be shaiply differentiated from 
those arising in pure ])i“eeds, especially in those cases in which 
the disco\ ery of a gene can 1)0 followed by its location in the ger- 
minal material. JohannsenV distincti(m between genotype and 
phenotype, and the studies on pure lines which have made its 
general applicability seem probable, also indicate a series of pit- 
falls wliich the exjxaiinenter is now ])etter ]irepared to avoid, 
d hus it is now evident that a mutation may show a range of 
fluctuation which overlaps that of another heritable chaiaetei, 
under tlie same or dilYerent environmental Cc^nditions, and still 
maintain its identity in a en>ss. It also seenns ]irobft,ble that there 
is no necessary relatioi^. l>etween the size and phenot\pic con- 
formity of a uuitatuu’i and its stability in heredity. The oiigin 
of tlie eye ccilors of Drosophila has dcnu’nist rated tliat thcsetpience 
in which these mutations arose bears no relation to the color 
se(]ueiice. In oilier words mutations appeal* to be tian>mitted 
(juite indepeiuleiitly of somatic ^■ariability and to be particulate 
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in origin as well as in inheritance. Muller (;20) has emphasized 
this point. Since a mutation usually occurs in one of two homol- 
ogous loci, ‘^the immediate cause of a mutation is not a difTuse 
influence existing throughout the body, the cell, or even the 
nucleus; the mutation is due to an event of such minute propor- 
tions .... that it strikes only a single one of two nearly 
similar loci in the same nucleus’' and "the possibility of influenc- 
ing the kind of mutation which occurs would seem to recede in- 
definitely, unless some unique method is found which does not 
merely consist in an acceleration or intensitication of tlie ordi- 
nary processes of mutation.’’ Reference to the pharmacological 
literature will convince anyone, that in attem])ting to alTect any- 
thing of such delicacy we are dealing with an almost unknown 
field. 

It is unfortunate that inuch of the painstaking labor which 
has been expended in attempts to throw light on this difficult sub- 
ject, must be discarded as uncritical because certain necessary 
precautions have been overlooked. And, indeed, anyone who has 
labored witli a problem of tliissort realizes that the vast ness of our 
ignorance on many related topics makes this field of ex])erimen- 
tation unusually beset with pitfalls. In fact, each step is in the 
dark, and all that one can hope is that he has chosen a ])romising 
direction. Even then it is difficult to kiK)w just how far to 
follow any one line of investigation which gives negative results. 
A survey of the literature is by no means encouraging, sinc(‘ it 
leaves the investigjitor with a great, and almost inhiiiiting l(‘.ar 
that he is neglecting ^ome simple ])recaufion, which will some day 
throw his own eiTorts completely out of court. The most common 
quCvStions which arise with respect in tlu^ experiments in this field 
are firstly, was tlie material genetically pure for the character to 
be tested; secondly, wore the developing young treated; thirdly, 
was starvation and an incidental effect on the vigor of the germ cells 
responsible for the results ol)t:\ined; and finally, Avas selection ot 
small, spontaneously occurring mutations jiracticed uncnnsciously 
during the generations of treatment? Where the elTects are 
general many physiological (juosfit)ns are also of extreme ini])or- 
tance. Among these may Ijc cited ade<iiiacy of the diet, housing 
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conditions, and rapidity of mating, all of which havo been shown 
to have definitely adverse effects on the germ plasm ("Loeb, ’17; 
Stieve, ’18; Papanicolaou and Stockard, '20; Hayes, ’18). 

The wild type of Drosophila melaiiogaster wliich was used in 
these experiments was obtained from the (ienctics Division of 
the University of (California. It had bcG]i inbred in mass cul- 
tures for the preceding six years and was constantly in use in 
breeding experiments during that lime, so that had there been 
any devijition in its genetic behavior, it would most certainly have 
been noticed. Plie wild or plus type of Drosophila melanogaster 
has been described sn fro<[ueiitly tliat it would be both tedious 
and unnecessary to describe the normal fly. But, in an investi- 
gation of this sort, it is of fundamental importance to know the 
behavior of the stock very intimately, for unless one is able to 
recognize the amount of fluctuating variability and of mutation 
whicli is occurring in the slock, he can obviously not be expected 
to gauge fairly the ^•a^iability found in the experiments. For this 
reason, the progeny of an inbred line (single pair matings) have 
l)een kept under close observation during the past two years and 
a half. Ten pairs eacli of experimental and control flies were 
bred for each generation in order to obtain a more nearly complete 
picture of the eondition of the stock as a whole than would be 
furnished by the progeny of a single pair. As an example of the 
conditions which make this almost essential, the \ ariation in sex 
ratio and l)rood size may l)e cited, in tlie controls the brood size 
averages 20b flies j^ei- jiair, but tliis \ aries for single cultures from 
75 to 450 flies per pair. The sex ratios average 98.4 males per 
100 females, hut ^■a^ies for single cultures from 50 to 137 males per 
100 females. It is obvious that if, by chance, the single culture 
of the control had an extreme br(HHl size or male value, tills fact 
might make it imjiossible gauge the elTect of any poison on 
these two factors. 'I'liis wide range of lluctuation depends 
upon the size of the cnliure liottle, tlie consistency of the food, 
death or loss by accident of one or both parents, and, most 
important and difliciilt to control of all. varying ilegrees of inlec- 
tion of the culture medium.’ 

• 'J'ho tirtla for (ho oonirols woro iilM’ii in itotail in (icnotics 8:27 30 (.'Mann, 



216 


MARGARET C. MANN 


It may be noted at this point that Warren ('18) found the nor- 
mal sex ratio for three strains of D. melanogaster to be 100 females 
to 95 males and agreed with Moenkhaus (’ll) that an average 
sex ratio is strongly transmissible. Moenkhaus further found 
that inbreeding, starvation and differences in the food do not 
change this average. 

Since an experiment of this sort necessitates the closest inbreed- 
ing, it is of especial interest to note that Castle and his co-workers 
(’06), ^loenkhaus ('ll), and Lutz (’ll) found that inbreeding 
has no deleterious effects upon either fertility or vigor if the more 
fecund are selected to continue the line. The ten culture method 
makes this possible, since pairs can be selected on the basis of 
performance. The first group of authors also showed that a 
fluctuating character, namely, number of teeth on the sex comb, 
shows no influence as a result of inbreeding. This is entirely in 
accord with the observations on fluctuations which are recorded 
below. 

The thoracic character ‘with’ (Morgan and Bridges, ’19, hg. 
1) was in the stock from the first. It varies witli age, the young 
flies lacking it completely, while all of the mature flies show it to 
come extent. It also varies with abundance of nourishment, 
small flies lacking it almost completely. One or more of the 
large thoracic bristles frequently has a mate, and in a very few 
cases the same bristle was found doubled on both sides. Since 
from several matings of two such individuals only one affected 
offspring appeared, it was evidently simply a fluctuation, Sev- 
eral individuals had one branched thoracic bristle but this is 
also a fluctuation. It is not uncommon to find flies with more 
than three lateral thoracic bristles on one side. This consists 
of the appearance of extra bristles of the size of tiic small central 
bristle and seems to be a fluctuation. Single flies arc often found 
with a malformed thorax or abdomen, but these give nornud Fi 
and F 2 generations when tested. One also frequently finds one 
or more flies in a generation with one wing longer than the other. 
They always fail to transmit the character when bred. Some of 
them are certainly gynandromorphic since a sex comb is found on 
the fore leg which bears the short wing, while the external geni- 
talia, size, and other characters are female. 
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The exporhnental flies were subjec'ted to exactly the same cul- 
tural conditions as were the controls except for the particular 
condition of the experiment. The poisons were weighed and 
placed in flasks, and Ixuiana agar from the general supply was 
added to the desired amount. The mode of examination was 
identical in each case. 

The problem was suggested In' Prof. S. J. Holmes, of the Depart- 
ment of Zoidogy of tlie University of (ddifornia. I wish to express 
iny thanks to him for many helpful suggestions in the course of 
the investigation. Excellent laboratriry faeilities were provided 
through the kindness of Prof. E. B. Babcock. 

The (lata on fre([uency of mutation are still too few to give one 
ado([iiate criteria for judgment as to effects of environmental 
conditions, unless tlie herital)le variations occur in rather large 
numbers in the treatcal set as compared with the controls. It was 
accc^pted at the outset of these e.xperiments that either a general 
tendency toward abnormality or definite mutating periods must 
always follow the same treattneiit of the same inbred stock if the 
results were to be considered positive. 

AR.SKM(' 

Arsenic was used in tliese e.xperiments for several reasons. 
First, its comiiKm use as an insecticide suggested that sub-lethal 
doses might account fnr the occurrence of some mutations under 
non-extieriinental coiulitions. >econdly, the fact that arsenic 
acid is quite harmless, wliile arsenious acid is only slightly poi- 
sonous to veast (]h)korny. 121, while the latter is decidedly 
poisonous to animal tissues is of great aih'antage since no starva- 
ti<ui and little tendency toward contamination will attend its 
use. It has Iteen stated (Davenport, that sub-lethal do^'Cs of 
arsenic inhibit development while (C usliiiy, To) very small doses 
increase growth. The latter suggests that it may be that constant 
small doses, under good general nutriti()nal conditioiisj lesult 
beneficially, as in the ease of the habitual arsenic eaters of tlie 
'lyrol, while harmful results follow when arsenic eating is attended 
by an inad(‘(iiiate diet as in tlie case of the miners of Hcichenstein. 
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Finally, Cushny states that As is absorbed into the blood, but 
rapidly disappears therefrom, because it forms a firm combina- 
tion with the nucleins. 0. Hertwig (’13) obtained negative results 
in an attempt to modify Rana fusca and R. esculenta sperm 
with 1 per cent atoxyl. Wlien this was injected into a male frog, 
spenn taken from the dying male fertilized untreated eggs and 
^ave normal progeny. 

\Mien 0.002 per cent of arsenic was mixed with the usual banana 
agar it was found to check brood size and to produce a certain 
number of abnonnal flies in each generation. 0.00 1 per cent was 
used in the main As experiments because the As line tended to 
die out when 0.002 per cent was used. The abnormality, men- 
tioned above, consists of a general stunting of growth, and es])e- 
cially, in the least extreme cases almost exclusively, in checking 
wing expansion. With this goes a great increase in the intensity 
of the dark pigmentation, which shows itself chiefly as an intensi- 
fication of the 'Svith” markings on the thorax. The thoracic 
and wing characters greatly resemijle those shown in plate 11. 
figures 7 and 8, of Morgan and Rridges* sunmiary of sex-linked 
inheritance (Carnegie Inst. Pub. 237). It may, however, be 
much more intense than that shown in either tlgurc. The abnor- 
mality is entirely somatic since it has never reap])earetl in the 
progeny of modified flies grown on untreated food, ev(m when 
care was taken to breed together flies with similar degrees of modi- 
fication. Four successive generations were l)rod from such mat- 
ings but no mutations wore fouinl. Somatic notch appeared in 
these lines during llic same period that it occurred in the controls. 
Matings of al)norinal flies are fro([iiently unsuccessful, and such 
flies are somewhat less viable tiian the iintreate<i slock, f'nl- 
tures which contain a large number of moditied flies also show a 
tendency for the pupae to die during metamorphosis or towanl an 
induced weakness which prevents emergence from the pupal 
ease. This does not occur in the control, and it is conseipiently 
of sfime interest to note that In the Fi from treated parents 
(grown on untreated foodj a number of abortive ])upae often 
occur. This indicates that the same conditions wliich induce 
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weakness in the parents also afTect some of the germ cells in the 
same general way. Table 1 shows the percentage of abnor- 
malities which appeared in suceessi\^e generations of As treated 
flies. It does not increase steadily but shows several sudden 
periods of increase which seem to be significant since they corre- 
spond, in a striking manner, with the low points in average brood 
size and the low points in the male ^^aluc of the sex ratio. These 
facts are sin nvu in chart 2. The average brood size of the treated 
flies is 1117 as compared with 200 for the controls during the .^amc 
period. The avciagc sex ratio for the treated lines is low, 100 
9 to 89.0 d' s, com])arc(l witli the average for the controls for 
tlie same perio<l which was 100 9 's to 98.3 o^’s. There has been 
no selection of lines sliowing low value, in fact, quite the reverse 
is true. 

The curve ft>r the arsenic treated line shows 'chart 1} decided 
skew in the direciioii of tlio low values when all matings are 
considered sei)arately. Twenty-one matings, during the twenty- 
two generations of treatment ga\e c" values of 00 or below, while 
only two control on It u res produced values of oG-OO (luring 34 
generations. Two out of the twenty-one linos giving lethal raii(^s. 
when inbred, produced some lethal ratios in their progenies. 4 he 
sex ratios of these lines are sliown below. 


<;i NritATiON fr'';:; ion 7 i. no from pimerntion 9 


Ms!i' F. n.n:*- M:ee 

P;iront 3 10(1 TiT -ti 

F, UH) oO 100 41 

F, 100 00 10t> 00.07,44.50,10 

F, too . los, or. it.r.o, .50 


While tliese data indicate that two true Icihals appeared 
in the As line, and none in tlio contrefls, they do not necc'ssarily 
prove that the As caused them. Although it seemed probable that 
most of the low sex ratiiis found in the treated stock were simply 
the extreme of a tiiiclualioii, the As treated line was bred to 
Xple stock and then back-crossed to Xple, so that should a lethal 
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appear, it could be detected at once by the absence of plus males 
from the cultures showing lethal ratios. Four lethal ratios 
occurred during this portion of the experiment, and most of the 
male values were very low, but since plus males were found in 
each brood, and since the reduction of males was evenly distrib- 
uted to all classes it was concluded that the low male value was 
due to selection. This is borne out by the fact that there is no 
sharp line of cleavage between the nomial and the lethal ratios, 
as shown in table 1 as well as ])y the fact mentioned above that 
the curves for high percentage of abnormality, low Inuod size, and 
low sex ratios correspond so closely. This periodicity seems to 
show that there are points of low and jmints of high resistance to 
arsenic which occur at fairly regular intervals in the history of a 
line subjected to the same conditions, instead of a gradual accli- 
matization to it. Since a rigid selection intervenes, it may not 
seem surprising that following a very adverse period there is an 
almost immediate rebound to the maximum brood size, cT sex 
ratio value and nonnality. In any case it would seem that while 
subjection to the conditions of tlie exjieriTnent is harmful for the 
time being, selection is at work to counteract these evil elTects. 
In so far as the line is concerned, it seems to have been little 
banned by the arsenic treatment during 22 generations. While 
it is obviously impossible to make any very close comparison 
between heredity in the fly and in other orgjinisms, these data are 
still of some interest in that they show that arsenic stunts growth, 
reduces the number of males and greatly reduces lirood size. 
It also seems to be true that arsenic can weaken the germ cells, 
at least of modified flies, so that their progeny are weakened I even 
wlien grown under control conditions, and that, at least in certain 
cases, the lowered value of the sex ratio persists in some of the 
progeny. The data arc also of interest since tltey explain why. 
in the preliminary tests which were made to d(‘t ermine what 
strength of arsenic to use, widely ditferent results were obtained 
with the same percentage. It was not until several generjitams 
were grown on As 0 . 002 per cent that it was discovered that a 
line will not persist upf>n it, and the line on 0.001 per cent seemed 
at times almost unaffected by the treatment. 
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ALCOHOL 

Lilerature. Alcohol has been more used in experiments to test 
its effect upon subsequent generations than any other drug. 
The literature on treatment of isolated genu colls seems to show 
that mature sperm are relati^'ely resistant to alcohol (Ivanow, 
T3), while ova are most susceptible just before or just after ferti- 
lization (Baldwin, ’20). The experiments in which an attempt 
has been made to affect the germ cells by treating the parent, 
have given very various results. The earlier work was done with- 
out adequate controls, with very few animals, and often involved 
treatment of the female during pregnancy. Only such data as 
arc free from similar objections are included in this account. 

Several observers have noted that human alcoholics show in 
autopsies a tendency to atrophy of the testis, (Hertholet, ’09: 
Weichselbaum and Kyrle, T2 : W eller, ’21 ) . Arlitt and Wells i ’ 1 7 ) 
showed that of fifteen male rats to which alcohol was fed, only 
one had normal testes at the end of the treatment. Todde 
observed for fowls, and Cole and Davis rl4) for rabbits th.at 
breeding effect ivenc.-^s showed a groat reduction after alcohol 
treatment. The recent work of Toeb (’17), and of Papanicolaou 
and Stockard (’20), which demonstrates a direct relation between 
underfeeding and degeneration of ovarian lo a, and that of Hay('s 
(T8) wdiich shows that degeneration of elements of the testis 
follows excessive sexual activity, make om' wish for more data on 
these point.s with reference to the results cited abo\e. 

Alcohol treatment of the jiareuts caused reducetl hnnid size in 
the experiments of Ceni (’04). and Pearl (’17) with fowls, of 
MacDowcll and Vicari (’17), and Stockanl and Papanicolaou 
(T8) with rodents. Nice (;12, M7) re])orts increased brood size 
for mice, while Harrison (Til) obtained results showing gener.ally 
increased vigor in the progeny of Selcni:i bilimaria following inten- 
siv’o .selection of eggs and developing young by alcohol treatment. 

A general increase in vigor of the test animals wa.s roj)ortcd 
by Pearl {T7), by Nice 'M2, T7) and by Harrison (TO). Tin' 
reverse was shown by the work of ( 'eni (’04) and Stockard a in I 
Papanicolaou (T8). 
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The male value of the sox ratio was more variable in the prog- 
eny of alcoholized fowls fPearl, '17), and was decreased in that 
of similarly treated guinea-pigs (Stockard and Papanicolaou, T8). 
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General abnormality was shown to be greatly increased in the 
progeny of alcoholized guinea-pigs i,Stockard and Papanicolaou, 
bS) while brachydaciyly was increased from H9 to 4S.2 per cent 
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in a baokoross of an Fi hybrid with a normal fowl (Danforth, 
’19). ^lacDowell and Yicari ('21) have recently reported results 
with rats which seem to show that intelligence is slightly lessened 
in the F 2 from treated parents. 

?Lvpenments. Since Drosophila lives normally in a fermenting 
medium it has undoubtedly become adapted to small quantities 
of alcohol. The flies were subjected to alcohol fumes, since mir- 
ing would undoubtedly result if alcohol enough to produce intoxi- 
cation were niixed with the food. They reacted to this treatment 
first j by greatly increased activity; second, by a tendency to fall 
suddenly to the bottom of the vial, and finally by loss of the pow<‘r 
of equilibrium, inability to stand, and conpdete stupor. It is 
comparatively easy to overestimate the amount of fumes whicli 
the flies will stand, and especially on the first day, severe treat- 
ment often results in death. Since selection of parents is undesir- 
able, great care had to be exercised in giving the treatment, the 
flies being removed to a fresh vial when they became {[uiescent. 
The males and females respond to the treatment sommvhat 
differently, and since it seemed desirable that all sla)uld have the 
maximum treatment, the sexes were treated separately. 4' he 
treatment was begun when the young adults wore still hardening. 

The first of the alcohol experiments was an attem]>t to test 
the efficacy of alcohol as a selective agent. A white-eyed, black- 
bodied male was crossed with a ])lus female and twenty males and 
females were selected from the F,. 4Vn r)f each were a 1 col 10 1 i zed 
one to three times daily for a thrcc-day period, the number 
of treatments depending upon the rapidity with which they 
recovered. The males and temales of the controls were kept 
separated during this period so that any <litTerences arising from 
delayed breeding ought lie ol)^■iated, On the evening of the 
third day both lots were bred, single ])air matings, and allowe<l to 
lay eggs for four days. Treatment (males and feimdes separately ) 
was then resumed for a three-day period, followed by remating 
and breeding as before. I'"ggs laid during the treatment were 
saved and the records of the progeny derived therefrom were ke])l 
separate. 

The first result of the treatment was to increase the brood size 
of the alcoholized set of cultures. While ten pairs of untreated 
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parents were producing 2,842 offsprings, ten pairs of alcoholized 
flies produced 8,230. ddiis is the more remarkable since five 
males died during the second period of treatment and thus five 
pairs were eliminated from the second breeding period. This 
increase in brood size is mjt a result of selection of parents since 
the experiment was jdanned to eliminate this factor. The data 
for first brood, intermediate period and second brood are given 
below. 


First t>roo<l 

...... _ 

( ovri'.OL 

13S.3 

OHOL 

2231 

Second period of treatment 


212 

327 

Second 1 >rood 


]24o 

OTS 

Totals 


2S42 

3230 


8ince the treated flies were significantly more prolific than 
their untreated brothers and sisters, it must be concluded either 
that alcohol fumes stimulate sexual actvity, or that it is beneficial 
to the germ cells. AMicn the sex ratios are considered it appears 
that the value for the treated set is u]) To the average of the 
I)lus stock, while the control set shows a con.-iderable deficiency 
of males. Tlie value for the a]{a)liol set is per 100 C *s 

while the control lias only 00. S c" s per 100 C ‘s. This also 
means that general conditions are lietter in tlie treated than in 
the control cultures. 

The data for the distribution in tiie four classes of progeny is 
given lielow. 


F: <0 

^ clvvhnl (X/a/ 

I 



i;k v.'i itJ 1' 

]> 

1-1. M K li> 1» 1 

, h\1 >WilTK 

RI.vrK 1YHITK 

X; 

>;nir 1 



Maio^ 


0,(K)172,S Tonlrol 1170 7d t 

j lOlJO 

.313 t.'iO 

40:5 

7)14 

17o 

10.13 

0 , 00177 () ^ Alcohol 120:5 1 021 

:507 1 2!o 


231 

15.002 
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Harris^ method of detemiining the goodness of fit was used to 
obtain the values for Xo and P. This rather wide deviation 
appears to be due to different causes in the two cases since most 
of the deviation in the controls occurs in the BIl class, while most 
of the deviation in the treated sets is attributable to the GW 
class. It is the general experience of workers with Drosophila 
that when conditions are generally most favorable the classes 
most nearly approach expectation, and that under such circum- 
stances there is no difficulty in classifying the blacks. Tliis 
might account, to some extent for the fact that the black classes 
are nonnal in the alcohol treated group, and not so in the controls. 
However, the white sets show little deviation in tlie controls, 
considerable in the alcohol set. In this case the deviation i> 
due to a lack of GW flies, the BW set being larger than the expec- 
tation. Since white is normally, highly viable, while black is less 
so, it is obvious that alcohol does not act selectively on the genu 
cells in proportion to the relative vial)ility of the a(.lults. On tln^ 
contrary it looks as if alcohol treatment favored tlie black carry- 
ing gametes, and at the same time discriminated against the white 
set. In an attempt to analyze these data somewhat more fully 
the white classes were brought up to expectation, using the actual 
GR class as the standard in both sets of data. The same treat- 
ment was applied to the black classes in the control set. The 
results seem to corroborate the above conclusion. The data 
obtained are given below. 


rONTKOL At.'OIIOL 

ff>r | I>ata for . , Data fiv»> i for ' Ai tustl 

white )’Iaa.s(‘8 j hlark (ieviatiun I'.it*' 


GU : +S2 i.osa +:r : o 82s t fi ' 2 \ ^ f ts fnt I 2 2ni 

HK 12. wi: -IS I 0 :iSS -70 0 10 ' -00 1 t70 -20 j 1.000 

(;w ' -fio I o.4fis -07 i 2 isr -10 0 ow 2s ; 1.201 1 y.ois 

mv -fo ! 0 410 -i-is i 1 7fii ; 0 02 : -1-12 ■ 0 700’ +20 | 4.nu 


^ . I : ■ . . i ! 

I'otal ilO.llO i 0 501 10.10 ' l .fVSl’ |1.0.ai'>2 


This tabic shows that when the white classes of the controls are 
‘fixed,’ the deviation remains as before, but that when the black 
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classes are brought up to expectation the data are well within the 
probable error. On the other hand when the alcohol set is ^fixed’ 
for white it is even nearer the probability. A striking correla- 
tion seems to exist bet^\’een the dilTerences between observed 
and calculated ratios in the actual deviation of the alcohol set as 
compared with the control set in which the black classes have been 
fixed. What this means, if anything, is not understood. 

No abnormal flies appeared in the course of this experiment. 

The second experiment with ethyl alcohol was planned to test 
the effect of this drug on an inbred line. The parents were given 
the maximum dosage for the first seven days of their lives. They 
were then bred (single pair matings] and their progenies were 
oxamiiied for alnioniiality or mutation. The results were entirely 
negative, the strain remaining ([iiite comparable to the controls 
for ten successive generatif>ns of treatment, dhe only difference 
lies in the fact tliat the somatic character corresponding to N 2 
appeared somewhat later in tiie alcoliol treated line. No muta- 
tions occurred thiring the period of obsemation. Jhe somatic 
abnormalities were ol the same types which ha^e already been 
described for tlie controls. In all 7,292 flies from alcoholized 
parents were examined, d he brood size averaged 1^7 flies per 
culture as compared with ISS for the controls during the same 
period. The sex ratio was 100 females to 07.3 males, while that 
(d the (arntrols was 100 females to OS.l males. It must be con- 
cluded that extreme alcoholization for one week of the life of 
I)ro.<ophila melanogaster in each generation is insufficient to 
produce any elTect upon tlie line during tlie generations of treat- 
ment. 33ie parents of generations nine and ten ueie alcoholized 
daily throughout tlteir li^■es but even tlu> extreme treatment did 
not materiallv afleci either tlie luiniber cu' tlie character of their 
oflspriiig. 

MKTHVI. AIA'OIUU. 

Tlic fumes of luciliyl aleohol are exireinely difficult to use, 
since (loath so freiiuently follows what appears to be a compara- 
tively slitiht decree of intoxication. The first generation, fol- 
lowing trealiuent of thciiarents for one wc'ck, showed no signiti- 
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cant effect. The broods averaged large and only three notched 
flies appeared in a total of 1,275 progeny. Nom^ial appearing 
flies were selected for treatment, but one of these must have 
been a masked heterozygote of N 2 since 9.5 per cent of his progeny 
were notched. No other anomalies occurred in the second genera- 
tion. In the third the brood sizes were very small, having a total 
of only 514 flies from sLx parents, an average of 86 flies per pair 
compared with 200 for the control. Two gynandromorphs were 
found, but no mutations. 

QUININE 

Literature. It is claimed that quinine causes cell lipoids to 
swell, and, eventually, disintegration of the chromatin. (Moldo- 
van, '13), and De Sandro (Tl) noted that quinine feeding causas a 
decrease in the mitoses of marrow cells. According to Riddle 
and Anderson (T8) and others, it functions as a protein-sparer. 
Treatment of sea-urchin sperm in quinine solutions did not affect 
their fertilizing power, but short exposure of eggs to a smaller 
per cent was followed by abnonnal cleavages. (0. and R. 
Hertwig, '87). Since it has been shown to check mitoses, to 
injure the chromatin, to spare protein and finally, to pennit 
polyspermy it was thought worth trying out on Drosophila from 
the point of view of causation of genninal changes. It ha.s the 
advantage of being more hannful to other fungi than it is to yeasts 
so that mould and bacterial infection are very rare in culture media 
containing 0.3 to 1 per cent of quinine sulphate. 

Experiments. Drosophila thrives on such mixtures (0.5 to 
1 per cent quinine sulphate), which are so bitter as to be unendur- 
able to human ta.ste. In fact, second broods (after a ten day 
breeding period) arc more commonly obtained in the ejuinine than 
in the control cultures. Tlie average brood for twelve succes- 
sive generations grown on the quinine treated food was 197, and 
the male value of the sex ratio was 94. During the same peritul 
the controls averaged 202 flies per culture, with a male value of 
96.6. Table 2 summarizes the data on quinine, while cliart 1 
represents the data on sex ratio, in coini)arison with that of the 
control and the arsenic treated experiinenhs. The arsenic and 
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quinine curves are both bimodal and have a greater range, as 
contrasted with the single mode and lesser range of the controls. 

One N 2 mutant appeared in the quinine treated set, during 
the same period that notch was being found in the controls. 
Otherwise no mutations appeared and the flies were normal 
except for the occasional occurrence of the same somatic types as 


TABLE 2 

Sumynarj/ (tj data for quinine experiment 


GENERA- 

TION 

DATE 

TOTAL NT 
ELIES PER 

MELB OF 
■L'LTLHE 

0L'M 

AVERAGE HEX RATIO 

NCMBEB 

OF 

CULTURES 

NUMBER 
or FLIES 
TER 

CCLTCRE 

rVtnale 1 

Male 

Female : 

Male 

6 

11/ 1, 20 

1,07.5 ' 

1,021 

2, 096 

100 i 

95 

9 

232 

7 

11/20/20' 

322 

294 

616 

100 ' 

91 

5 

123 

8 

12/ 6/20; 

,s.34 

736 

1, 570 

100 

8S 

7 

224 

9 

12 20 20 

1,1SS 

1,IS9 

2,377 

100 

100 

9 

264 

10 

1 ' 3 21 

GoO 

G7S 

1..337 

100 

103 

6 

223 

11 

1/17 21 

9.5S 

SOO 

1,S1S 

100 

86 

7 

259 

12 

1 31 21 

974 : 

S09 

1, 7,8.3 

100 

95 

10 

' I7S 

13 

1 2/ S 21 

1,205 

1,034 

2, 239 

m 

85 

12 

1S6 

M 

^ 2 T9 21 








13 

i 3 3 21 

942 

037 

1,870 

100 

99 

S 

: 235 

10 

I 3 10 21 

513 ' 

478 

991 

100 

93 

s 

124 

17 

; 3 29 21 

S.30 

8.32 

1,662 

100 

100 

n 

151 

IS 

413 21 

021 

.%12 

1,153 

100 

85 


m 

Totals. 


10,001 

9, 100 

19, 521 

100 

94 

99 

i 197 


In tlie same periofi tho nvcrago brood for the controls wns 202; the average sex 
ratio 100 9 's to %.6y’s. 


were fouiul in the controls. An interesting physiological relation 
exists between the condition of the food and adult vitality. If 
flies are left on the fond from which they hatched for more than 
two days nearly all of them die, apparently from starvation. But 
if these same flics arc transferred to fresh food, containing the 
same concentration of quinine, they tlirive and produce nonnal 
broods. 
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MOllPlIINK 

0. Ilcrtwig (’90) showed that morphine hydrochloride was 
relatively ineffective in producing polyspermy in sea-urchin eggs, 
two to three hours in 0.6 per cent being required to cause great 
abnormality. Sperm were perfectly normal after an hour in 0.5 
per cent. 

Drosophila is very resistant to morphine hydrochloride, 0.1 
to O.o per cent in the food interfering little if at all with nonnal 
development. No mutations were found in four successive 
generations on 0.5 per cent, and the brooil size and sex ratios 
were unifonnly high. The numerical data are summarized 
below. 


Swrirnaru for four ijeneiation^ an 0.5 per cent 7 norphinc htplroehloride 


UENERITIOS 


UiOOU SI7 E 

AVKHVOE 

KX RATIO 

M.ilc 

Fetnalo 



1 1 

230 

223 

100 

97 

2 

20S 

218 

100 

101 

3 ; 

117 

125 

100 , 

106 

4 

202 

2G3 

100 

102 

Totals 

S17 

s:}7 




STUYCHNIXK 

0. Ilertwig f;90j also treated sea-urchin eggs with strychnine 
and found that weak solutions caused polyspenny, wliile stronger 
solutions result in abnormal development, even if polyspermy 
does not occur. When sperm were treated with O.Ol per cent for 
three hours they could still move and fertilize normal eggs. "Jlu' 
same author (’13j tested Uana fusca and R. esculent a sperm with 
strychnine, but no abnormality appeared in the resulting progeny. 
In the same year 0. and P. Hertwig corrof^orated this and showeil 
that no harmful results, follow treatment of sea-urchin s{)erm witli 
strychnine. 

• In the experiments with Drosophila, 2,354 dies, belonging In 
seventeen families, which have spent their eritiie lives on 0.4 
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to 0.5 per cent strychnine sulphate only three were somatically 
abnormal. Three successive generations on 0.5 per cent showed 
that strychnine reduces brood size decidedly and increases the 
variability of tlie sex ratio. 

The difliculty in obtaining morphine and strychnine in large 
enough quantities made it necessary to discontinue their use. In 
any case, the results do not seem to justify the continuance of 
these experiments since such large quantities can be endured with 
so little effect. 

MKTHVLKXK ULU]: 

Methylene blue has been shown to produce abnormalities not 
only vhen sperm are treated directly, but also when the stain 
reaches the sex cells by way of the blood .stream. 0. Hertwig 
(’90) treated sea-urchin eggs with methylene blue. He reported 
that the amount of stain which the eggs take up depends rather 
upon the length of exjmsure than upon the strength of the stain 
used. The stain (hies not appear in the nucleus, l)ut tends to 
remain at the bases of ciliated cells during ck^avage. The wander- 
ing cells are laden vith stain, (’kaivage rate is directly propor- 
tional to the amount of stain in the egg cytoplasm, lhi^ i> 
partly, at least, due to polyspermy which occurs more Ircqiiently 
in dcejily than in lightly stained eggs. Hertwig s later experi- 
ments (T3) on si)erinatozoa are of far greater importance. He 
treated frog sjienn for from twenty minutes to two and a half 
liours with a 0.025 per cent solution of methylene blue. Mlien 
those sperm were permitted to fertilize normal eggs many abnor- 
mal larvae resulted. Likewise, when adult males veie ghen i 
ccm. of 0.1 per cent soluti(Ui subcutaneously, their progeny 
showed abnormalities. Later in the same year 0. and P. HcUa^ ig 
corroborated the first part of this work, showing in addition that 
when Rana fusca sperm are treated as above and then allo^\ed to 
fertilize untreated IL esculenta eggs, development is partheno- 
genetic and (piite normal when the sperm have been subjected 
to severe (i.e., long-continued) treatment. Other experiments 
showed that when sea-urchin sperm are treated with 0.02 to 0.1 
per cent methylene blue for two hours no harm results, ^\hen 
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treated for more than two hours decided harm appears in the 
resulting progeny, while if the treatment is continued for 1(5 to 
18 hours all development is([uite normal. To explain this fact, 
together with the large ainoimt of dilference in susceptibility 
of sperm from dift’erent individuals, and even of spenn from the 
same testis, 0. Her twig postulates a defense reaction of the 
sperm to chemical changes in the environment. It has already 
been noted that the arsenic treate<i linos show a ppri{)dic suscepti- 
bility to the influence of that poison. It seems quite possil)le 
that some such wa^'e of susceptibility occurs in such cases as 
this one which Hert wig describes, for if individuals were selected 
at random no two would be expected to bo in exactly the same 
phase of this wave, and they would, as a consequence, be expected 
to differ in their response to the same treatment. 

^\^len larvae of Drosophila were placed on food containing 
methylene blue in various percentages the number of larvae hatch- 
ing was shown to be inversely proport ion id to the strength used. 
In the first tests about 7o larvae were placed on each of 0.01)1, 
0.01, O.I and 0.2 per cent, respectively. The results are shown 
in the following table: 

U fXil D Ol {'.I i> J 

PKhi KVT Pr.ttiK.VT rKUMST 

Xuriiher liatohirifc ; S | 0 

Obviously the critical inhnt lies ])etwoen O.Ol i)er cent and 0.1 
per cent in so far as hatching of huA ae is concerned. Ten paiis 
of adults from 0.0 1 per cent (all of whom were brothers and 
sisters) were placed ii])f)n O.Oo per cent but they laid no eggs, 
either in the first week, which was sj)ont on 0,0o i)er cent (»r in 
the second week on control food. Three males from 0.2 per ceni 
were left on this food until theii’ bodies were stained almost l)!ack. 
Their ocelli became deep blue. Tliese males were bred with virgin 
untreated females but no i)rogeny resulted, the o’ s being a]q)ar- 
eritly sterile, since control 9 's very rarely fail to leave offspring. 
Ten pairs which had been kept on O.Oo per cent for three days 
were transferred to normal (untreated) food. They also failed 
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to leave progeny, although the parents lived for two weeks in 
sonic cases. One 9 ivhich had developed on 0.2 per cent was 
mated to a (f from 0.01 per cent on untreated food. Their prog- 
eny was normal and forms tlie starting point of the following 
experiments. Ten pairs were next placed on each of 0.0 1 per 
cent and ().02o pei' cent. The latter were wholly un.^uccessful 
although one pair when transferred to control food gave normal 
secoiul and third broods. Small broods were obtained from six 
of the 0.01 i)er cent cultures. The line was continued by breed- 
ing ten pairs oacli of lirst generation (0.01 per cent) flies on 0.02 
and 0.01 per cent, respectively, on J-pint milk bottles. Xo 
abiionna ] it i os ai>peai‘ed in either progeny, but the former per 
cent gave very small Ijmods, averaging 30 flies per culture with 
an average sex ratio of 100 9 's to 00 d^’s while the latter averaged 
115 flies per eultiin* witli an average sex ratio of 100 v s and 97 
(fV. The controls tor the same period averaged 192 files per 
culture witli an overage s(‘x ratio of 100 v s and 98 c" s. Ibis 
is shown graphically below. 


AVLHA'^t. X KATIO 



Fernaic M:i!o 

192 ton (■ t'S 

iio nxi 

ao nx) GO 


since il seemed desiralile to test wlictber or not meth}lei)e 
blue gave resuHs similar to tbose recorded for arsenic, and espe- 
cially because it scemi'd jn-obalde tlmt the critical point with 
regard to tlie m.ain problem of modiliability of the germ plasm lay 
between these two extremes iD.Ol ainl 0,02 per cent 1. 0,015 per cent 
w.as el.osen as the concent rat i. .n to be used in the next generation, 
d'his generation was an almost complete failure, however, oiih 
three cultures out ol littceii sliowiiig lain ae, and onb two of these 
giving brootl as large as those itrcviously found to develop on 
0.02 per cent. 

It should be umlerstood that tlie percentage of methylene 
blue at the surface of the food is decidedly variable. At hrst 


( 'tiMtruls . , . . 
0.01 per cont 
0.02 ptT ce nt 
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the culture luediuin appears to be fairly unifoniily colored but 
as the culture ages the surface becomes more and more deeply 
stained until most of the stain may be concentrated there. The 
freshly laid eggs are not obviously blue. 

LEAD a('i:tati-: 

Literature. According to Cushny ('15) , lead poisoning probably 
results from the constant ingestion of small ( plant ities of lead, and 
also, probably to a lesser extent from bodily contact with sub- 
stances which contain it. It remains in the tissues for a long 
time. Lead acetate, which is fairly soluble, precipitates the pro- 
tein in the food and this precipittite is harmless to the cells. 
Cuslmy further states that lead is less harmful to lower organisms 
than the other iieavv metals, but Bokorny (M2) observed that 
0.1 per cent is deadly to beer yeasts. 

Several facts indicate that lead is harmful to the germ cells of 
mammals and fowls. Oliver iMl) states that detith in early 
development followed when lien’s eggs had been painted witli lead 
nitrate. Cole and Bachuber (M4) sliowed that tlic infertility 
of hen's eggs is nearly doubled when the female alone is treated, 
but remains fairly normal when the male is the treated jiarent. 
Weller (^’15) states that no nuuked reduction of fertility or 
increased sterility followed similar treatment of guinea pigs, lie 
has also recently summarized a considerable mass of evidence 
which shows that lead poisoning of either males or females fre- 
quently causes abortion. Cole and Bachulier (M4) and Weller 
(Moj agree that treatment of the male or female ]iarent with lead 
acetate causes decreased size and lowered vitality in the progeny. 
The latter also noted that the offspring of treatiMl males improve 
in vigor after discontinuance of the lead. No signiiicant data on 
heritable structural abnonnallty following lead treatment are to 
be found in the literature. Weller (M7) could observe no his- 
tological differences in the spennatf)geiiesis nf guinea pigs whk'li 
show' lead effects on the progeny, excei)t in a few- cases of sterility. 
The numbers treated are small and the sterility may be incidental, 
not induced. 
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Observations, Unfortunately, mechanical difTicultieshave made 

the use of lead acetate with Drosophila very unsatisfactory. 
Soluble lead acetate causes the banana protein to coagulate. 
This mass dro])s to the bottom of the medium and is hence un- 
available either to Hies or larvae. It is obvious that if enough 
lead is used to exceed that taken up by the proteins, the banana 
proteins are no longer available as food. This would be of .slight 
importance since ( Haumberger, THj the greatest source of pro- 
tein for larval growth is derived from the yeasts, but for the fact 
that small quantities of lead are very harmful to yeast growth. 

Flies, left on filter-jiaper soaked in lead solution (in vinegarj 
starve to death ino^t rai)idly on the stronger solutions. If, how- 
ever, flies are transferred daily to the usual food, they live without 
apparent harm on strong concentrations. When larvae are 
placed in similar solutions they crawl out and often pupate when 
still rather sintdl. Few adults hatch from such pupae but 
repeated trials provided eight brothers and sisters, which were 
mated and became the ])arents of the first generation recorded 
hero. There seemed to Ixmio advantage in reducing the strength 
of the lead, since although the larvae lived longer in the weaker 
solutions, they failed to juii)ate. Such larvae, transferred to 
normal food all l)ecaine surrounded with a coagulated area and 
died. 

Tho progeny of the first, and of all subsequent generations, have 
been placed ujion culture bottles containing the usual food, which 
were then filled with masses of paper soaked in 2 per cent lead 
acetate solution. Xo mutations occurred in five successive gen- 
eral ions, nor was somatii* abnormality increased. The broods 
were large and normal, the male value of the sex ratio rather 
smtdl. Jn all 3.772 flies were' examined. The data are summa- 
rized on |)age 23b. 

i.I l’iUrM (WKHON ATK 

Hokornv {]'2) found that 0.5 per cent of lithium carbonate is 
very poisonous to yeasts. In the ox])erimcnts with Drosophila 
0.03 to 0.05 ]>cr cent was used, ^^'hen the controls, which had 
hcen begun at the same time were hatiOiing, the 0.05 per cent 
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lithium cultures contained larvae, while the 0.03 per cent cultures 
had uncolored pupae. Of the 954 flies examined in six genera- 
tions, all were quite normal. 

COPPER SULPHATE 

Bokorny (^ 12 ) found that CUSO 4 is harmful to yeasts. In the 
Drosophila experiments 0.1 - 0.15 per cent was mixed w ith the 
food, but it was soon noted that the cultures became disproportion- 
ately infected as compared w ith the controls, and that partly at 
least as a consequence, the brood sizes were very much reduced. 
The problem of maintaining a line under such circumstances is so 
great that it seemed advisable to concentrate upon substances 
which were easier to use. After two generations of such checking 
flies of the CuSO^ line were prolific and gave normal progeny on 
untreated food. 


Suin/fianj of flat a on Irad acetate 
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TKMI’ERATLRK 

Literature. The earlier results on hereditary changes produced 
as a result of stinuilation of the parent, and incidentally of the 
germ cells, by means of temperature, need repetition at some 
future time when the genetics of Lepidoptera, Kept ilia, and 
Amphibia is better known. ^ At the present time no amount o! 
study of the data provided by Standfuss, Fischer, and Kammerer 
can lead to anything of value exce|)t as they may stimulate ge- 
netic, phv’siological, and 'induction’ experiments. The purity of 
the stock used by Tower (’Oti) has also recently l)een ([uestioncd 
by Plunkett (T9). However, his results are so outstanding in 
that discontinuous, recessive, and mendelizing cliaracters were 
apparently easily induced by combinations of heat with dry and 
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also with moist conditions durinji^ the growth period of the 
germ cells of Leptinotarsa, that it would be liighly desirable 
to have access to a more complete account of the experiments 
reported in 190b, as well as to the further tests Avhich the author 
then reported as well under way. It is especially important that 
these results lie checked on stock which has been inbred by 
brother-sister mating dui-inga series of generations. In the light 
of the many observations on Drosophila, which show that muta- 
tions occur almost invariably as a change in one of two homologous 
loci, it .seems astonishing that all of the induced' recessives should 
have occurred as changes in lioth chromosomes at the same time. 
Tower has also ( TS) rejiorted the induction of a dominant physio- 
logical character in Le])tinotarsa decern li neat a, an increased 
capacity of the tissues to retain water as a preparation for hiber- 
nation in conditions more arid than tliose to wliich they were 
adapted. lie suggests that fixation of this character requires 
time, since he says tliat its constancy was especially great after 
six generations in the desert. 

Some of the results \\ \{]\ temperature appear to indicate that a 
cliange in the relative size of ])arts of the body may be induced 
in the progeny l)y a tem]ierature change a ft ec ting the germ cells. 
Tiie work of ^^^)ltercck i M 1 1 seems to show that head size may be 
increased in I)a])hnia as a result of an increased temperature and 
changed cultnrtd conditions continued over a series of generations, 
ami that when sullicicntly lixed, this condition may be main- 
tained through nnmerous subsequent generations under normal 
conditions. It seems possible that unconscious selection of slight 
hereditary changes miglit account for this result, but any experi- 
ment wliieli apparently produced a character gradually ^^ould be 
sulijeet to tile same interpretation. Sumner (^15) reported that 
three of four lots of Iq progeny from mice grown at an unusually 
high teiuperaturo showed longer eara and tails than tlie contioD, 
characters whicli young mice acapiire if they develop under similar 
conditions. Pr/ibram SIS), on the contrary, found that in the 
rats, increased rchit ive tail lengths caused in a similar manner, v ere 
not liereditary. Agar showed that while the Fi and prog- 
eny of Simocephalus vet ulus sliow some decrease in size as a 



238 


MARGARET C. MANN 


result of heat-induced dwarfing of the parents, the F 3 , under 
control conditions, is quite normal. 

Plough's (’17, ’ 21 ) results indicate that crossing-over can be in- 
creased in certain regions of the second and third chromosonies of 
Drosophila, during the thin thread stage of synapsis. I>oeb and 
Bancroft (’ll) also working with Drosoi)hila, obtained ‘a number' 
of recessive black flies in the fifth generation of treatment with 
high temperatures. One dark fly appeared in the next, but none 
in the eleven subsequent generations. Morgan (’14) and Krafka 
(’ 20 ) report that high temperature did not induce mutations in 
Drosophila. 

In a recent cytological paper ^^eiler ( '20) re]>orts that extreme 
heat causes the sex. chromosome of Tale])oria tubulosa Hetz to 
remain in the egg at reduction, tiuis increasing tlie number of 
potential females. 

Experimenis. Single pair matings were made from t lie controls 
and kept at 2 o^C. until pupation was well started. The cultures 
were then transferred to the 31.o^(\ incubator and kept tlicrc 
through the whole hatching period. In this way all stages of 
ontogeny were exjKxsed to the increased temperature, Und(‘r 
these conditions the flies hatched one and a liali days sooner tlcui 
the controls wliich had been started at the same time, and the 
hatching period was several days briefer, d’his is largely due to 
the fact that conditions became u^fa^’orablo in all of tlie (ailturo 
kept in the warm room, while the controls remained in good con- 
dition. It may also be true that tlie younger larv-ae are morr 
adversely affected than the older, and cnn.'<e([uently fail to keep 
the culture clean. It was found that it is impossiiile to ke('p 
successive generations at 31.o"C. for a series of generations, and 
that flies which have been kept at thistem|)onitureduringontogcn\ 
and the first few days of adult life are usually incapable of pro- 
ducing broods for at least ten days thereafter, but that they may 
breed with fair success during tJie next fen (Jay p(>no(J. It n'- 
quire.s a rather vigorous breeding rate to permit succe.^^sful single 
pair cultures, and reduction of vitality probably accounts largely 
for this result. 



STABILITY OF GENES 


239 


ihc iiiciIg value of the sex ratio is increased considerably by 
exposure to heat, but it immediately returns to normal when the 
generation so treated pioduces its progeny at 2o°C, Xhe results 
with heat are summarized in the following table : 


Summ^mj of (Uila from keat experirnerd^ 


PtRIVKNT 

OKNKRATIOS' TK 

tiM hatt ia 

TOT\L 

Of 

Pi{OG>:NV 

-AVKHaGE 

iUiOOb 

A^ ERAOt fe 

KX RATIO 

Ftmale I 

Male 

I 

1 

31.5 

1 , GO 1 

10!) 

100 ^ 

108 


2 

:u .5 

200 

2fKl 

100 ^ 

116 



31. 5 

280 

140 

100 

125 


4 

2.V0 

2, 845 

1.58 

100 

96. 2 

n 

1 

31 :> 

750 

152 

100 

120 


2 

31,. 5 

44 

44 

100 

131 

i 

d 

25 0 

1.315 

100 

100 

100 

i[[ 

1 

31 5 

750 

152 

UK) 

120 


2 

25 0 

525 

125 

100 

100 


:e 

31.5 

7.80 

130 

100 , 

106 



25.0 

440 

112 

100 

96.0 


4‘ 

31 .5 

1. 142 

125 

100 

114 


4- 

25.0 

iU7 

IS!! 

100 

95.6 


\ery small, sterilo, and weakly pigmented flies of both sexes 
were freipiently found among the flies which were hatched at 
dl.o^'C. In the lirst generation which was treated, an unusually 
large number of Hies with one short wing were noted. Only one 
mutation aiiiiearod, ajubajt eye. a form which was originally 
found by Dr. H. l-k Olausen. Two males appeared in the second 
brood of one culture in the third generation of heat treated flies 
in experiment one. The character proved to be sex linked. Xo 
other mutants were found in two reject it ions with the same stock. 

('(U.I) 

Cultures containing young luipae were also ex])osed to cold 
No hatching occurred until after return to 2.TC. The 
older larvae die without juipating but the younger larvae and the 
pupae are simply checked by cold. Extremely small broods were 
obtained, including some flies with especially narrow wings. Two 
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generations were bred from thOvSe flies but proved to be entirely 
comparable with the controls. No mutations were found. 

ACCUMULATION OF GASES 

Cultures containing pigmented pupae were sealed by corking 
and then dipping the top of a l-pint milk bottle into melted i)ar- 
affin. N 0 hatching occurred until after the cork had been replaced 
by the usual type of cotton stopper. The larvae climbed up to 
the top of the bottle and some unusually small larvae pupated. 
After the cotton stopper had been replaced, hatching was resuintMl 
and a normal brood was obtained. Two of these were mated in a 
2000-cc. Erlenmeyer flask, and these were stopped as before after 
pupation had occurred. The same check to hatching and tend- 
ency of the larvae to crawl up was noted as before. Wien a 
cotton stopper replaced the paratiined cork the larvae reentered 
the food within ten hours. After twenty-four hours tliey were 
resealed, and left alternately unsealed and sealed at twelve hour 
intervals. A large number of the flies which hatched during the 
sealed intervals showed wing peculiarities. Some hail tlie wings 
simply spread, others spread and drooping. A few other anom- 
alies were found, one fly notched in one wing, one with both eyes 
rough and one with one eye lobed. None of these proved to be 
hereditary, and large and normal Fi and F 2 broods were obtained 
from them. 

RESULTS AND CONCLUSIONS 

1. A stable stock of Drosophila melanogaster failed to slum- 
increased mutability or tendency to abnormality when treated 
with arsenic, methyl and ethyl alcohol fumes, quinine, morphine, 
strychnine, copper .sulphate, lithium carbonate, Ica<l acetate, ami 
methylene blue. Negative results were also obtained with high 
and low temperatures, and accumulation of the gases of fermen- 
tation of the culture medium. In the controls one mutation 
occurred in each 15,105 flies, while in the experiments one mutant 
was found for every 2^J,3T1 flies examined, 

2. Arsenic was elective in comparatively small percentage.*', 
cutting down brood size, lowering the male value of the sex ratio. 
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anil producing a definite type of somatic abnormality. During 21 
generations of treatment with 0.001 per cent these three characters 
showed six parallel, and rather sudden drops, followed almost at 
once by sudden recovery of the maximum condition permitted by 
development in arsenic treated food. This is thought to indicate 
that the effects of the poison cannot accumulate over a long series 
of generations, but that the extreme selection which occurs during 
one phase of the treatment permits the line to be carried on by 
the strongest individuals only, hence the sudden return to maxi- 
mal conditions following a drop. 

Alcohol appears to liave some selective effect upon the 
germinal material but no relation seems to exist between the 
relative viability of the adults possessing the recessive characters 
tested and the selective effect of the alcohol upon the germ cells. 

4. Quinine slightly decreases the male value of the sex ratio 
but improves tlie condition of the culture medium. 

'). Copper sulpliate. litliium carbonate, and lead acetate cannot 
be successfully used with banana agar because of their harmful 
effect on the yeasts. 

{). Methylene blue (‘auscs temporary sterility in both males 
and females but the later broods from such parents showed no 
increased tendency to mutation or abnormality. 

7. A temperature of during pupation raises the male 

value of the sex ratio to about 100, but the stock reverts at once to 
the average for the controls when permitted to hatch at -5 C. 
Apricot eye, a sex-linktal cliaractcr, appeared in two males in one 
culture, but no other mutants were found. 2.oT. had no effect 
on heredity. 

8. Flies hatched in scaled cultures showed greatly increased 
somatic abnormality. 

9. These experiments :uld further evidence to the great bulk 
already existing, which indicates that induction of heritable 
variations is by no means an easy task, and render it incrcasingl\ 
desirable that the few experiments indicating apparent induction 
be repeated under the most rigorou.s circumstances possible. 
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RESULTS OF EXPERIMENTS IN HYBRIDIZING 
SUBSPECIES OF PEROMYSCUS 

FRAXCIS B, 8UMXER 
Scripps- La Jolla, California 

SEVEN FIGURES 

IXTRODrCTIOX 

During tho ])ast few years I have published several preliminary 
statements of the results of crossing subspecies of Perornvscus. 
These have been contained in Bulletin No. 3 of the Scripps 
Institutioii for Biological Research (October 19. 1917). the 
American Naturalist (June -July, 1918). and the Journal of 
INperiinental Zoology. April, 1920. Since the publication of 
these papers, data have become available from much more 
exten.'^ive additional series of animals. I have likewise com- 
pleted the large amount of statistical work necessary to reveal 
the belnu’ior of a consideral)le number of characters not hitherto 
dealt witlij and have develo])ed tlie necessary technique for the 
measurement of one very important additional character, coat 
color. 

The results of the studies thus far completed are presented in 
the following pages. The mosr recent, and in some respects 
most satisfactorv series of h\brids which have lieeii reared at 
this institution liave not. luMvever. been dealt with in the present 
report. I refer to In’bri ds between the subspecies of another 
species of IVromyscus (piite distinct from that employed by me 
(P. eremicus eremi(‘us and P. eremicus fratcrculusb which liave 
been reared by Mr. R. R. Huestis. These are being used by .Mr. 
Hiiestis in a genetic' study of microscopic hair characters, upon 
whicli he is now engageil. After the completion of his work, it 

’ This h:is Immmi tlonu wilh tho iissistiinco of Mr. R. H. 
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is my expectation to subject tlic entire series of pelaj^es jirepared 
by him to colorimetric and statistical treatment such as have 
been employed in the case of my own hybrids of Peromyscus 
maniculatus. 

Jn view of the rather extensive accounts whi(‘h 1 liave alrea<ly 
published of the objects of these studies, the animals under 
consideration and the methods employed, it will not l)e necas- 
sary to devote much space to these matters in the present paper. 
The chief new feature of my te(‘hui(iue is the analysis of the coat 
color by the aid of the Hess- Ives d'int Photometer. A brit'f 
discussion of the use ol tliis instrument for the purposes at liand 
is contained in a recent paper (Sumner and Collins, Jour. Ivvp. 
ZooL, October, P)22).- 

Befiire proceeding with a sunmiary of llu' results of tliese 
investigations, 1 will take (Kaaision to repeat certain statement- 
whicli I have more thati once made relative to tlie obstacles whicli 
are otTered by Peromys(*us as material for gemnic resean*li. 

Although these mice breed readily and oft(*n ii\'e to an ad- 
vanced age under the conditions of ca])tivity, the growth and 
reproduction of eage-bied animals is (piite aj)preciably affected. 
On the whole cag(‘-bred individuals are smaller than wild ones of 
the saine age, and tfiere is a temlency toward certain changes in 
the jwoportions (J* the body, notably a relativ(* shortening of the 
vertebral column, including \hv tail, and a shortening of the fed. 
These etfet^ts may be allctgethor lacking, or tliey may vary in 
degree from a eondition scaretdy distingui>iial)!(' from the wild 
tyj)o to a eondition \vhi(*li may be pro[)erly n^lerred to as dv- 
fomiity. Sueh extreme east's are, hf)wev(‘r. rare. 

The net result of tliese ehanges is to bring about a mean rtaluc- 
tion of size in serii's of cage-bred mi<*e. and to alt(‘r, in a ihdinilc 
direction, the av('rage lengtly ndative as wvW as absoluti', of 
certain ap])endages and of etu’taiti hones. Sueh ehaiig(‘s. in 
far as they concern some of the wvy ditTerences liy which sub- 
species differ from one another, are of course a rather serious 

* Ow ing to the great [potent t:il value of I liin apparaOi.s for g(Mirt ie aiul iu:iinin t- 
logical studies, it is niy ox{H‘ntation lo write a more adi'^ualr arroimt it in the 
near future. 
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impediment to the work. fn<Iee(I a critic who should seek an 
opportunity to discredit tliese studies could easily seize upon 
these oft-ropeate*! admissions of luirie as a plausible basis for 
attacking the validitN' of any or all of the conclusions which I 
may have rem'hcd. 

' The relevancy of sucli possible criticisms has been dealt with 
in a number of tcirlicr ])iibli cat ions, Vmt certain statements may 
protit ably b(‘ ri^pimtcd lane. 

]. It nm>t b(' pointed out- tliat the discussions of the siibspecific 
characters of the panmi stocks are ba<ed upon wild material, 
most of which has ])e(m trapped at an adult or nearly adult stage 
of life. 

2. d'he nuvin diffcrcrK'Cs l)etw('en series of wild and cagc-lmm 
speeitnens of the same race are -mailer in degree than the mean 
dilTevences hetwtum the sev(‘ral nices, nr at least between the 
more widi'ly se]vavati*d ot the^(^ such as have been used in the 
hybridization experiments. And in tiny ca-e, the rolatue \alue^ 
of a given character in the>e rac(‘-^ are much the same, whether 
we emiiloy wild xa'ies or capli\'e scries. 

It is (l.Kitilful wliellier c'lnit c.lcir is ni...!ilip(l appreciably 
by captivity. If any (lificreiicos exist rvliich are due to this 
cause, IIk'v are sli<;iit in coniparisnn with the racial ones.'' 

4. Despite tlte.-e inodiiiraf inns due tn captivity, the imlividual 
dilTcrenees aiunii^ the very chararter> ■whali .tie subject to 
inodilicatinn may be sh.iwn to helai-nly of the ■-eiietic' or hered- 
itary type. 'I'lius. as will he [loiiite.! out bel-nv. the parent- 
offsprins; corrclatinns. even as reyanls -ik-Ii a liistlilt inodilt.ible 
character as relative tail leiptUi. are m no way inferior to those 
whieh are ba-ed upon less niodiliablc characters anionst these 
animals, and ciunpare favorably in this re-pect with tho.se based 
uiioii various ciiaracteis which have been studied in mankiw . 
That eorreialions of ihis sort are chiehy due to aitreement in 
Seiietie emiipouiion need liar.lly be aiyued. No tendency to- 
ward aitreeiiicut between related individuals of two successive 


■ .yicHuato .cric. of skino .chii.u.a lo ,cs(in« it* point quantitatively, arenot 
■nvailaltle al pr.-.o-nl . .SucI, e.u uo wouia nooi . o 1 h- fairly large, .as well as atr.ctla 
cotnparulile in rrsjK’ct to nijc, otc. 
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generations, in respect to peculiarities in their environmental 
conditions, is possible here, particularly in those cases where the 
parent generation grew up in the wild, while the offspring werc^ 
reared in captivity. 

5. Lastly, it will be shown below that whereas the first cage- 
bred generation of one of the pure races is commonly moi‘(' 
variable than the wild stock-at least for some characters the 
second cage-bred generation seems to be actually less variabk* 
than the first. This is, of course, a highly important circum- 
stance to bear in mind in comparing the ^'ariabilit.y of the 
and F 2 hybrid generations, since the former (in two of the three 
crosses here considered) represents the first cage-bred generation, 
while the latter represents the second, ^^dth the evidence at 
hand, the increased variability of the generation cannot 
reasonably be attributed to an increase in the amount of al)- 
nonnality due to captivity, as I was formerly disposed to think 
likely.^ 

Another serious drawback to the use of Peromyscus as material 
for genetic research is its relatively low degree of fertility, particu- 
larly in captivity. At best, it is rarely ])ossible to obtain more 
than two or three generations per year, and the broods consist, on 
the average of less than four young. Add to this the fact that cage- 
bom stock commonly contains a high proportion of totally sterile 
individuals, amounting perhaps to fifty per cent of the whole. 

The difficulties thus far discussed may be ranked as practical 
or technical ones. It is possible that they could be reduced, tn 
some extent, by properly conducted experiments along the linos 
of food chemistry or pathology. Put a quite different sort of 
difficulty has been alleged in the case of Peromyscus one of a 
far more fundamental nature. It is frecpiontly intimated that 
this group, among others, is. quite obviously 'unfavorable' for 
genetic studies, in .so far as the factorial differences between an\ 
two of these races are too complicated to be unravelled without a 
prohibitive amount of work. This assertion deserves some atten- 
tion at this stage of our discussion, since it is the exi)ros.si()n of a 
view’point quite different from my own. 

* Sumner, Scripps Institution Bulietin No. Amorienn Naturalist, .Juno July, 
1918. 
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It is widely assumed that all true inheritance consists in the 
passing along, tli rough successive generations of germ-cells, of 
various combinations of inendelian unit factors. The entire 
heritage of any individual is assumed to consist of a vast number 
of such factors to be the sum of these and nothing more. 
Genetic research, according to this viewpoint, has for its object 
the isolation of the greatest ])ossil)le number of these unit factors, 
the determination of the relationship of these factors to one 
another in the chromosomes, and the effects of various factors, 
single or combined, upon the totality of characters of the adult 
organism. Any studies which are not conducted according to 
the current methods of men deli an analysis are apt to be stig- 
matized as superficial or uncritical, and their relevancy to true 
•genetics' is (piestioned. The actual laws of heredity, it is con- 
tended, are most clearly revealed by tlie selection of compaia- 
tively simi)le cases. For the present it is better, as a matter 
of practical expcdieiK'v, to let the more conphicated eases alone. 

One who is (lisj)osc(i to he skej)tical as to the pan-mendelian 
\'iew of iieredity and evolution may be tempted to rejoin to this 
argument that it is the selection of these relatively ’simple’ 
cases, and the persistent avoidance of ‘enmplex or ‘unfavorable 
nratonal such as Porom\'sciis that makes inendelian inheritance 
seem so universal. Lea\ iiig aside, however, the question whether 
all inheritance inav be reduced, iii theory, to the mendchan type, 
and also whether, at present, it is scienlitically or pedagogically 
expedient to be dogmatic on this point, wc still have to answer 
the que.stion whether it is not profitable, even now, to study and 
describe some of these cases which do not obviously conform to 
tlie inendelian scheme. 

To some of us who are (iiiite as mueh interested in the geo- 
graphie ami climatic occurrence of \ ariations as in their hered- 
itary transmission it has always seemed that certain natural 
species of rodents afford particularly fatwMe material for the 
solution of various evolutionary prohlrins. The major problem 
of orgnnie evolution in general has always been closch bovnid up 
with the minor one of the ‘origin of species.' Looking at the 
matter in a preliminary way, it would seem to be mote rele\ant 
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to the solution of tliis prol)lem to investigate some natural 
species which lias become dilTerentiated into a luunber of well- 
marked geographic races than to select for (‘onsideration some 
domesticated animal or plant which has been broken up by the 
breeder’s art into a variety of artilicial races/' At the same time, 
we freely grant that these last are equally ‘naturar in the broad 
sense of the term. 

Once more, the contention has Ixam made, and tpiite truthfully, 
that none of these wild races are ‘pure,’ in tlje sen<e that this 
is true of a long inl>red strain of domes! irated animals or plants. 
This is evident frmn tlic wide range of variability .^howii by a 
collection of any one of tlie sub-pet ies, and by tlu' fact that tluso 
variations are, in a considerable ni(ai:-ure, found to Ix' lu‘rita))lc. 
It would doubtless be po>sibl(', by s(']!'ct!(m and inbreeding, to 
produce numerous strains of these nii('(‘. <litT< ling in various va\s 
from one another, Inii fairly (‘oust ant within tlu-mselves. Any 
ordinary san!]de <4’ a A\ild .-ub>[)ecics is without ([iie-tion hnixctl,' 
in thi.- sense, and (‘im-e(tnently doubth ss iin^uited fnr the solu- 
ti<ai of certain geiuuic ]n’<J>l(m;s. Ihit it wimhl ))(* folly to i‘on- 
tend that no grmpic si u< la's of sort c(iuid b(‘ prolilabiy con- 
ducted upon siK'li ‘mixed” material. 

1 he mam ([uestmns wlncli I imi e to [in>\\vv in the ensuing 
pages are: 1.) How do tlu' r*harat*t('rs by wiiidi thi' various 
subspec ies difTcr foMii one anolliei’ Ijehave in hyl>ri<ls of the lir-t 
and >econd gem'ration? I)oi> tin' entir(' r<imp!t‘x of dilTenmctv-, 
in aM>' in>tance, act as a single nicmh'liaii eharact( i’, or do the 
various conifionent ditTerem es 'na'iididi/a'’ ind('p('nd(mtly of <ine 
anotlier, or tinall'c, is tlu ia^ no obv ious appcaiMic c of H'gregaliim 
at till? 2) Is there any tendency foi* the eh:;raet<'rs uhii'h an' 
associated together in tiie parent sub>p('Mes to b(' as^ociniod in 
heredity? Otherwi.m stated, is tli(‘r(' any (A'idcmt' of iinkagt' 
among thc.-o eiiara ‘U*rs? M) Is there any comtant. tendem'v 
toward an im reasi' of va’i:t!)ility in tlu' s(*cond hybriil generation, 
as er)tTipared with the hrst. and if so, an' the relations of a sm t 
which lend supiiorl to the inultiph' factor’ explanalioti of llw 


* See Arii<‘r ic;ui Nut uriili-tt , .January Fehruiiry, 1921. 
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inheritance of quantitative characters? 4) To what extent do 
individual differences, either anion^ the members of a single 
^piire^ race, or among hybrids between these races, tend to be 
transmitted to the offspring? And particularly, do the F] hybrids 
differ from those of the lA g(Mierati(jn in respect to the degree of 
correlation which tli(‘y show w ith tlieir parents or with their sibs? 

1 shall now proceed to gi\-e a .^uimnarized statement of the 
results of these experiments, this Ijeing followed by a more 
detailed discussion of my method of procedure and of certain of 
tJie data. 

SVXOPSIS OF RESULTS AXD GKXKRAL DI.SCUSSIOX 

Three main series of hy])]-ids are considered in the present 
paper." My earii(‘st reports u])on subspecific crosses in Pero- 
myscus, dealt with certain preliminary series, consisting of very 
limited numbias of individuals, some of wiiich were ^ll^atisfaetory 
in other way>. d'lu'se series will not l)e considered here. Their 
inclusion wmild u(‘edles>ly conijilicate the discaission, and would 
not affect the conclusions reached. 

( 'tirh >((([-( s( rn. s 

The first of tlie (“I'osses to be (’(insidcred is that ].>etwecn mice 
wiiieh were 1rap[)ed neiir ( hrlotta. Humbolot ( ount^ , ( aliloinia, 
and ones wldndi were tra]>pe(l near (hlistoga. Napa County. 
The foniier are ashgned to tlie subspecies nilndiis, the latter to 
gambeli. The ( arlolta series of mice differ from the Calistoga 
ones ill a iiiimlter of respects, some oi wiiich are (divious to the 
eye, some i>cing detectable only by earelnl measuiemeiit. All of 
these differences relate, liuw c\ er. to averages. For every charac- 
ter ci.nsidered t lieiv is sotiie di'gree of o^■erla]l]hng of the frequency 
polygons. Table 1 (p. 27t)i indicates the important ot 

these (iifforoiu’es, so lar as they have been subjected to miusuie 

®Tvv() of theso have Ihmmi dealt Avith hrietly in a ])revious paper (Journal of 
Kxperinu'iil.al I'.JiJO '. wliilo the summarized results from all three senes 

have heen presented' in (lie Pnuredin.s oi the .National Aeademy ot Nucnccs. 
February, RUM. Ihe latter report eons.st itiiT of a eonsuierahie exeerpt from (he 
present paper. 
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ment.^ Besides these, various other differences have been ob- 
served and recorded, most of which cannot be stated in (quantita- 
tive terms. 

The Carlotta mice have, on the average, relatively longer tails, 
feet, ears, and skulls, than the Calistoga ones, a broader dorsal 
tail stripe, lighter foot pigmentation and a darker and les.s highly 
colored pelage.* On the other hand, the two races do not prob- 
ably differ in the length of the pelvis,* in the indices of asymmetry 
( - left : right ratio) of certain paired bones, and in the spectral 
position of the Tree' color (red: green ratio). Certain other 
mean differences, while they appear to be indicated by the 
figures of the present table, are very doubtfully to be re- 
garded as actual racial differences between these forms. Thus 
the mean body length of the ("arlotta series slightly exceeds that 
of the Calistoga .series. Likewise the femur length is greater by 
an amount which would be significant were the number of pre- 
pared skeletons of these two races greater. 

Of the hybrids between these two races, we have measurements 
from 154 Fi and 84 Fj animals. About tiO per cent of the Fj hybrids 
were the offspring of Calistoga mothers. The reciproc’al crosses 
re.su I ted, however, in offspring of approximately ecqual size and 
fertility. The hybrids of both generations were killed between 
the age of six and one-half and seven months. 

The relations shown by the mean values for these various 
characters, in the two hybrid generations, are of minor interest 
for present purposes, and a consideration of them will accordingly 
be deferred to the more detailed discussion of our data. I need 
only state here tliat in some cases the hybrid values lie between 
those of the two parent races, while in others they may approxi- 
mate one of the latter, or they may even lie beyoiul the moans 

^ It must 1)0 hornp in tnin<l thnt tKc monsurcrnfnts of those various parts, as 
presented in the tables, have l)een reduced to a coinmoti standard fp. 275) . 'I'hey 
represent relative difTeretices, and are in no way (Je]>en<U‘nt upon <iit\Vrenees in (he 
al>solute size of the uniinalH. 

* i'ho rrieaninf's of the wrjrds ddack/ ‘white/ and ‘color,’ as employed in the 
tables, and the nature of the ‘Red: (Ireen ratio’ are explained in the next stadion 
of this jjaper (pj), 281, 2S2;. 

’ J)e.Mj)ite some apparent difTerenres in pelvis length, it is very tpieslionalile 
whether there are any actual racial diiTcrences in this character, among the races 
used in these ex]>erimerit8. 
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for either parent race. In none of these oases, however, are the 
relations such as to be explicable on the supposition that we have 
to do with cloini nance in the inendelian sense. In some instances 
the two hybrifl ^generations aj3:ree rather closely in their mean 
values, in others they may ditfer considerably. On the whole, 
the F 2 values, here and elsewhere, tend to be smaller than the Fi. 

Our chief present interest is with the rehitive variability of the 
two hybrid {fenerations. By reference to table 1, a detailed 
conipari.son it) ay be imule l>e tween the standard de^aations for 
each of the characters in the two hybrid {generations.’'^ 7'here 
are comf)rised in the tabl(\ nineteen ])airs of contrasted figures.” 
In twelve of these (*as('s tlie F^ gtmeratittn shows a liiglier standard 
<leviatit)n, in six cases it slmws a lower one, while in one case tlie 
deviations are etjual. In only five cases is th(‘ differenee eF 2 -F] i 
three or more times its probable error, one of these diherences 
l)eing negati\ e. 

It is of interest to classify these differences between the 
standard deviations of the two hybrid generations. a(a‘or(ling 
to whether tlie (diaiaK'ters (>on(‘eni(Ml are ones in respect to whitdi 
the i)arent races differ from one another. In ten out of nineteen 
cases, wc have to <io with eharacters of this sort. Of tliese ten 
dilTerences, live ha\’e the ]’>ositive sign iF^ largen, four have the 
negative sign ( t'e smalicio, while in one case the ditTorence is (I. 
Flic mean of these differences is -rtl.lt).’- 


As cxpiaiTioii in'livu’, I )io sraUilarrl (i{n-iari)»ns i‘i»r cort.uii of ihrso {'Imriicn'rs 
havf lii'fis ‘('orrf'i'U'U,' so as to rrvoal i iio nr: variaoiliiy, al'ti'r rtiiniiiatin.u that 
dm* to variaitihty in flu* ^rfunail size ;liody irnutli^ of the aniniais. 

“ [t is [dain f hat I hrso figures arc not all of i*oordinatr rank, the lon^th of the 
halt and [x'lvis haxa* la't'ii dealt separateh for the t\Ma sexe.s. in as iniioh as 
the latter dilTer materially in tlie ine.an siz(> (>!' the.se parts. Likewise, the four 
‘tdiar.aetei s' intt> which coat (ador tia.s Is'en analyzed arc naturally et'sely inter- 
related. 1 tn ev(*ry ea.se. d)I:ick’ ■•f- "wliite’ d- 'color’ ^ 100. 

'these are the al.iiehraie dilTerenees Let ween the sfandaial d('vi.aiion.s divided 
t*y their own j)robal>le (*rror.s. 'I'hi.s serves (o reduct* llie v.irioiis ditT(*renee.s to a 
eonitimn unil. so (hat (hey are eomp.arahle with one another. It also furnishes ci 
mea.sure of (he pr»ih,'ihili(y of atiy ^iven dilTeo’nce. ( 'oetlieients of varialdlity 
X l(X>) have not lieen einjiloyed here, ow iiyit to (heir very ^reat differenees in 
tn.'iKinfnde for (he difTerent eharaelers eoneerned. Had tliij? i*een done, the 
ditT('renee.s l)e( ween t he Fiand l‘h jimires could not hav elKn'ii averaged. ashasl>ccn 
possible with the pre.sent proeedtire. 
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Seven of the nineteen pairs of contrasted figures, on the other 
hand, relate to characters in respect to which the parent races 
do not appear to dilTer from one another. In six of these seven 
cases, the differences between tlie standard deviations is positive 
(Fo larger^ while in only one case, the dilferenco is negative 
(Fi smaller). The mean ditlcrence ( computed as above) is 
Of the ivo doubtful characters (body lei\gth and femur), one 
shows a ditTerence of +1.1, the other a difference of 

Thus the tendency towards ar) increase of variability in the 
F 2 generation of hybrids is, in this cross, much more e\'ident in 
the case of characters in respect to which the jiarent races do not 
visibly differ from one a not lie r than in the cjtse of chai’acters in 
respect to which the latter ditYer demonstrably. Atld to thi^.the 
fact that the only difference between tl e standard deviations 
which are three or more times their probable errors relate to 
characters of the former category. Indeed, three r)f the most 
significant among lhes(‘ differciK cs unchiding one which is sev(m 
times its prol)able error j relate to a class of characters (indices 
of bilateral asymmetry) whicli have been shown to bo strictly 
iion-iiereditary.'^ 

Histograms have been eonstrmffed digs. 1 ami 2) for three 
characters whose magnitude is litth' if at ail affected by the 
absolute size of the animals. These may be [)rofitably inspected 
by the reader at this point. They will not, however, be discussed 
here. 

K urvkfi - 1 ’ icUn' villi' scrirs 

This represents a eon>ideral)ly wider eros:; thnn the preeeditig. 
The Kureka miee, like the Carlotta ones, Ix'long to the sub- 
species rub id us, and they agree elosely with the latter in mo<t 
respeets. 'I’lie coat color, however, appeal’s to be somewliat 
darker in the mice ol the former locality, d'iio Victorville 
animals, on the other hand, arc typical rejiresentat ives of tlie 
desert subspecies soiK)riensis, and differ conspicuously front 
rubidus in various ways. The differences in tail, foot and skull 


Sumner an<l Hiiefitis, (Jenctiejj, Septemlier, 11)21. 
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length are ov^n more pronounced than in the case of the cross 
previously considered, as are likewise the difTerences: in the 
width of the tail stripe, depth of foot pigmentation, and the 
general coat color, d'he latter is \'ery much paler in the desert 
mice thaii in those from the foggy fa>astal districts of Humboldt 
County, wliile the 'free' eolor is (jf different spectral position in 
the two races, l)ejng considerably more yellow in sonoriensis 
and more red in ru])idus. As regards eoat eolor in general, there 
is no nvcrlapj)ing of tlie frequency jadygons for these races, and 
it is liighly improbable tliat an adult skin of either one would 
ever be confused with that of the oilier. The di'sert mice like- 
wis(‘ have far le-s pigimmt in tlie soles (jf tlieir feet, tliese being, 
in a large jiroportiou of casj's, ])ractically ])igmentle.'‘S. 

Aliout the same difference in ear length is to be noted hero as 
in the cas(‘ of the ('arlotta and Calistoga races. As in the latter 
case, it is doubtful wladher tiiere is any real dilYerence in respect 
to mean IhhIv length, tlie length of the peKis or femur, or the 
asymm(‘tr>’ of tii(‘ paired lioiies. 

'hiiis series of (‘ros>i^< yielded ninety-seven animals in the F. 
generation and (‘iglity-seven in the l-h. It is noteworthy that the 
Fi otlspi'ing (if the \ ictorville ^ sonoriensis i niotheis were much 
larger, on the a^’erag«^ th.an those from tlie rubidus motiicrs. 
and that tlaar feitiliiy was considerajily greater. .Vs in the 
preceding ca^e. the mice of botli generations were killed at the age 
of si.v and (UU'-half to se\'en months. 

H ('fere nee to talde 2 (p. 1^77) shows that in nearly e\orv case 
wliere tlie parent races dilTer siguilicautl>’ from one another, the 
mean values for tin* respective cluiracters are intermediate in both 
of the hybrid generations, d'hey are not, however, eommonly 
etpiidistinit from tlie j>anmtal values, ipu' do tlie hybrid general ions 
always agree very closely with one another. .\s in the ease of 
tlie luvcodiiig cross, the F 2 values are prcpoiulcrantly lower than 
thoF,. 

It seems worth while at this point to mention the very meagre 
results of baek-erossing an earlier series of Kureka-\’ ictorville 
hybrids to the two jiuroiit races. Only tliirteeii imii vidua Is were 
reared to maturity, live o{ which represented the Auireka- 
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Victorville) X Eureka combination, the remaining eight repre- 
senting the (Eureka- Victorville) X Victorville combi naticui. 
The skins have been subjected to color analysis and the results 
conform so closely with ^expectation/ that it is of interest to 
cite them here, despite the small numbers involved. The former 
lot are uniformly darker than the latter, there being no over- 
lapping of their ranges. Moreover, in respect to the three 
values (‘black,' ‘white' and ‘color’) which are based upon the 
colorimeter readings, the former series averages almost exactly 
three-fourths rubidus (Eureka), while the latter series is approxi- 
mately three-fourths sonoriensis. It is unfortunate that cir- 
cumstances have prevented the rearing t)f larger numbers of 
back-crosses in the case of all of these hybrids. 

Passing to the relative variability of the Fi and F 2 hybrids of 
the present series, we find that in fourteen of the nineteen 
pairs of contrasted figures, the standard deviation is larger for 
the Fa generation. 

Here again, it is important to group these standard deviations 
according to whether or not they relate to characters in respect 
to which the parent races differ. It will be found that eleven of 
the contrasted pairs of figures relate to characters which differ 
indubitably in these two subspecies, while eight relate to charac- 
ters which do not appear to show significant differences, one of 
these, indeed, relating to a character {femur length) in respect 
to which the parent races agree very closely. For the first class 
of characters, we have ten positive differences 1 F 2 — F,) and one 
negative, for the second we have four positive and four negative. 

In other words, for those characters in respect to which the 
two subspecies differ from one another, the standard (le\ iation 
the F 2 generation is larger than that of the Fi in ten (‘ases 
out of eleven. For characters in respect to which the two sui)- 
specics do not differ, or only doubtfully differ, the F 2 varial)i]ity 
is greater in only four cases out of eight. Again, the mean 
difference between the standard deviations'-* is +1.15 for the 
former group, -0.09 for the latter. Thus far, the relations are 


See foot-nolc no. 12. 
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just the reverse of what they wore in the cross previously con- 
sidered, and confonn more nearly with what one would expect 
on the basis of the h Multiple factor’ explanation of these sub- 
specific differences. 

It must be pointed out, lajwever, that in only two cases, amonj^ 
this first class of characters (the diagnostic ones), are the dif- 
ferences between tlie standard deviations as great as three or 
more times their pro]>a))le errors, one of these differences being 

I) 

a negative one. The largest ^ quotient of all (5.4) relates to body 

length, a character in respect to which the two races probably do 
not differ from one another materially, and here again the dif- 
ference is negative. The next largest quotient (-^4.1! relates 
to the index of asymmet ry in femur length, a character which is 
kiKAvn not to be even hereditary. 

Once more, the reader may, at this point, jmofitably inspect 
the histograms digs. and 4), tliough these will not be discussed 
till later. 

( \irli>lfa-V icforvdle senes 

This is in some respects the most satisfactory of the crosses 
here considered, d'he hybrids of both generations were reared 
to an age which admitted (»f no doubt as to the full maturity of 
the pelages. .Moreover, the Id generation c<u uprises greater 
numbers (125) than in (at her of the other crosses, though this 
advantage is somewhat offset by the necessity of having to deal 
separately with tw(^ different sections of the material, (wving to 
differences of age ami <»f treatment. 

As in tlie preceding sonoriensis-nibidus cross, the sonoriensis 
mothers hovo eonsideraldy larger offspring than the rubidus 
motherS; while in the present case the only Fi animals which 
])roved to be fertile were ih'rivcd from mothers of the tormcr 
race. In this eonneetion, it should be stated, however, tliat 
sofKiriensis when bred iuter sc is mucii more fertile in cajdivity 
than rubidus. ddie sterilizing infiuence is evidently more potent 
in its effeet upon the fetnale than upon the male. 
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Both of the races here crossed have already been discussed. 
With one exception, the statenients made in comparing the 
Eureka and Victorville stocks, v ill hold in the present case. This 
exception relates to ear length, whicli appears to be materially 
less in the Car lot t a than the Eureka series. In fact, it is neces- 
sary, in the present case, to transler ear length from the list of 
characters in respect to which the parent races differ to tluit of 
characters in respe(‘t to which they do not clitTer, 

As reganis the mean values of the various characters in the 
two hybrid generati(ms of this cross, we fiiul that, in gimeral, 
tliey lie ladweeti the meai''^ for the parent I'aces, though in some 
ca-^es they lie l>eyond either of tlu‘-e last, d'here is, }iowe\'er, 
as little evidence of nauuh-'ian dnminaiice here as in the (U'osses 
pre^■iously dealt with. With the excerption of two charuc t(‘rs 
(body length and tail stripe . it will l)e seen liable :>i that the 
mean values fur the linear measm-enuails are hiwer for the F. 
than for the Fi soiles. And without exception, tliey are higher 
for the ‘later bri)o{is’ tlian for tlie ‘earl!(*r broods' of the F: 
generation. The sign iheaii ice of these facts will be disiaissed 
in the next section. 

Passing, once more, to a consideration of the relati\’e variability 
of the two hybrid genei.at ions, it must first l)e [)oint(aI out that 
separate standard dexiatioiis have lawn computed for the two 
scction.s of tlie P\> stock, and that, in gomu'al the ‘later' broods 
show a lower variability than tiie “earlier’ ones, remaining, tiever- 
thelcss, more variable than the Fi generation. In the present 
synoptic d]scu.''.>Ion, it '<ceins preferable. In>\\a‘ver. tod'.al with the 
mean variability of tlie entire F.. generation, i.e,, with the mean 
of the ‘earlier’ and ‘later’ standard de\ iations for each character. 

Thu.s proceeding, we /ind that in seven! ejm out of nineteen cases 
the F2 standard deviation is larger than that for the F{. This 
fact, viewed uncritically, might be aeeepted at once as strong 
evidence of a segregation of inulli[)Ie factors in the second 
hybrid generation. But here again, we must elassify our charae- 
ters, according to whether or not the parent rac(*s differ in these 
respect.s. On this basis, the dilTorenees between our standanl 
deviations (F2-F1) may be grouped us follows: 
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Charactors in rospoot to which parent races dilTcr 9 1 

Characters in respect to which such a difTerenco is wanting or 
doubtful 8 1 


Thus in nine out of ten eases where the parent races differ, 
there is an increase of variability in the 1% generation. But 
likewise, in eiglit out of nine eases in which the parent races 
prol^ably or cert ti inly show no difference, tlie variability of the F 2 
generatinn none the less increases. It is true that the variability 
of file ra(‘i'tlly distinct i\'e (*haracter, tail stripe, increases very 
significantly in both of the Ih lots, the differences (F 2 -F 2 ) 
being 5.5 and b.4 times tlaar ])rol)abIe errors, respectively. But 
over against this is the fact that femur length, in respect to 
which the parent rac('s agree very closely, di-plays an equally 
great incnnise (jf varial)ility in both of the F-j lots, the differences 
being (i.4 and 5.0 times tluhr j^robable errors res])eetively, 

The histograms ftigs. 5 and to slnnv well the range of variation 
of the two hybrid generations in respect to three characters whose 
magnitude depends but little upon tlic general size of the animal.-^ 
For the {‘hara(qers ‘tail sti-jpf'' and ‘black,’ the increase in the 
rang(‘ of the Fj generation is obvious, and -iiggests at once 
various diagrams which iiavc been offered in illustration of the 
‘multi]>Ie factor' hypollu’sis. It must lie state<l here, however, 
that the most extrmne iiguie for tail -tripe, and i>robably 
a f(‘W of the otlnn-s, iwv basial upon stripes wliich differed from 
the usual condition in having a tlark I'cntral axis, bortlered by 
pal(‘r lateral regions. 'I’he total wi<l(h was included in the 
measiinmnmts. 

For the ca>r of coat color, another way of expressing the rela- 
ti\’e r.'inges of the twr) hybrid generatioii< i- ii]structi\’e. ^^e 
may cla--ity the skins aci*ordiiig to whether they fall within the 
limits of oiu' or tiu' other of the parent rac('s in respect to all 
four of the olemeiils distinguished in the color analysis yblack.’ 

If wit'ild iMt l.c very ia-! rnrf ivo f i> i>!i>f nut frc-pimcv ilist rilnit ions for sueh 
I'hur.-H-fcrs :i> Puift h ;iihl Scicir leu.uf h. f‘*r siiuv f hose urc so sTroiigly 

corrc!;if <'<1 wish b,.ily iengih, 'I'lio \' fhii.'i jiorlrnyed \v<uil(l lurgoly 

roprc.scnt vari;il)ilify in ^I'ueral si/c. 
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‘white/ ‘color,’ and the ‘R:G ratio’), or whether they are inter- 
mediate in til is respect. Thus proceeding, we find that in the 
Fi generation 57.5 per cent fall within the limits of either the 
Caiiotta or the \hctorville race, while 42.5 per cent are inter- 
mediate between these two races. In the F. generation 60.8 per 
cent of the skins belong to the former class, 30.2 per cent to the 
latter. 

Resume of the three hybrid scries 

For each of these series there are nineteen iiairs of standard 
deviations, permitting of a comparison between the Fi and F. 
variability. There are thus fifty-seven difTerences (F 2 -F]), of 
which forty-three bear the -h sign (F^ larger), thirteen bear the 
— sign (F 2 smaller), while in one case the dilYerein'c is 0. Such 
a preponderance of positive difTerences in itself renders it higlily 
probable that the increase of variability in the Fj generation is 
not due to chance. The statistical sign ifi(‘a nee of a large majority 
of these difTerences taken singly, is not, it is true, at all certain. 
Rut in twenty of the forty-three jmsitive cases the ditTerence is 
more than twice as great as its pr()bal)le error, while in ten cases 
it is three or more times its jn-obable error, and in five cases it is 
from five to seven times its ])robal)le error. 

Here, however, as in the discussions of the se[)arate crosses, 
we must classify the characters whose varial>ility we are con- 
sidering, according to whether the parent races dilTer in these 
respects. As before, we shall distinguish, 1 ) characters in resj)cct 
to which the parent races differ indubitably from one another and, 
2) characters in respect to which the lat ter do not differ from one 
another, or in which the difference is of doubtful significance. 
Thus proceeding, our figures for those three classes may be 
tabulated as follows: 

The rpsults of such a oornpariHori have not l>een pri'sented for the otlinr tsvo 
eros.ses, for rea.^ons which will l>c explained hclow. Even in thc])rcsrnt (Carlolfu- 
Victorvillej .series, the significance (jf thi'se figure.s is weakened hy the fact that we 
arc dealing with only forty skins in the Pj generation. 

It mu.st l>e added, howeTor, that in the case of of the thirteen ni'Kafive 
differenccH (Fj smaller), the latter are two <tr more times the prohahlc errors. 
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Fi VARrASrLlTT ! 
GKgATtll j 

! : 

I 

l‘j VARIAUILITV 
riMALLtJi I 

Fi AVU F: i^cjOAt. ; 

' MEAN* DIFFEHE-VCE 

^MEAN OF jv quotients) 

(1) 

1 2-1 j 

(i i 

1 

+ 1.07 

(2) 

10 1 7 i 

0 

+ 1..33 


It will be seen that the proportion of positive cases is slightly 
greater for the first class of characters (77 per cent than for the 
second (7H j)er cent). On the other hand, the mean difference 
is somewhat less for the former class. Thus, considering our 
three hybihls and tliese nineteen h'haracters' in the aggregate, 
the increase <if varialhlity in tlie F: generation is found to be 
s<nnewhat less’'' for those cliaracters in res])ect to which the parent 
races differ from one another than for those in respect to whicli 
no difference l)etwecn the parent races is probalde. 

It is plain, however, that certain classes of cliaracters have 
been unduly weiglited in the foregoing cf)mputations. thus tlie 
asyniinetry of [laired bones has lieen represented l)y lour different 
sets of figures, and tliis is likewise true oi coat color, while the 
length of foot and peh is have been represented twice, owing to 
.sexual diffei'cnees. Such a procedure is bound to influence the 
results, [larticularly since tlie indiecs of asymmetry alTord some 
of the most striking exam]iles of increase of variability in the 
Fq generation. 

I have accoi'dingly made a second set ot computations, in- 
which ‘asymmetry’ has been counted but ouce in the ease of 
eaeli cross, the mean of the four (juotieiits in the table being 
employed. Likewise the tigures for 'white,' 'blaek' and 'color 
have !)eeu a\’eraged,’ ' as well as the ligures lor tlie two sexes in 
the ease of foot and pelvis, 

The result gives one a somewhat different impressiim of the 
relative increase of variability as regards tlie two classes ol 
eharaeters. For eharacters in respect to which the parent 

** Or st>iufwh;it }('.<■'< linthaJilv, wliicliovor \v;iy wo c;iro (i) interprot those 
<liintionts. 

The red : preen rali<> has, hi)\vever, been counted as a separ.ite cliaraeler,' 
since (Ilia is largely independent of tlie other throe values. 
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nices differ, ^Ye now have an increase of variability in eighteen 
eases out of twenty-two, the mean increase being 1.06. For 
characters in respect to whicli racial di [Terences are absent or 
doiil)tlul, we have an increase in nine cases out of fourteen, the 
mean increase being O.Sl. As judged l>y this method of com- 
putation, therefore, there is a ‘Somewhat greater inciaaise of 
variability in the case of characters wliich differ in the forms 
crossed. 

Hovever, it mu>t be insisted that this {lifferenco in the mean 
values (l.lHj and tl.Sl ! is uon-s!gnifi(‘unt, statisti(‘ally speaking. 
Ihe inclusion of lemur length among the (liaricters wlucli dis- 
tinguish tiio ( arh>tl:i and C’alistoga races t which I rt^ganled at 
first as just liable ' vould re\('rs(‘ the' relit i\'e magnitudes of these 
figures, ^\'e shonhl now ha\e 0.S7 and 1.12, respectively, as the 
figure.- represent uig the im-rease of variability in the characters 
which tlo and wlm h do not dliler in the present raci's.-* 

iirthernaa'c, it must h(‘ obs(a‘\'ed that the reality of the 
ircrease is most (crlaiii in some of tho.-e cases in which the 
parental dillereme is leu^t probable (e.g., femur hmgth in the 
( arlott‘i-\ i(*torvil!e crij.-s). Indiaai, ot the sex cases in whieh 

the (jUotient is gieatia* than four, only ono n*la(es to a character 

in resj)oet to which the parent races are known to difh'r. 

Xow I fully reali/t* that more tlian one previous writia' has 
reported cases in wfucli the range of Fj wariability has increasral 
for eharat'ters in nc-'])e( t to wliidi I fie partml. racics scauii to be 
identical, and 1 am qtdte Familiar with the fiypothe.-is which has 
been devi-ed to account foi- ^uch cases.-' Jhit c‘\ (m if w e grantial 
all the assumption- him (a'.-ary, and as-umed tlii^ exislencc of 
genetic di!]ei(mces \vh(‘re no soinatii* (titlerences weri' apparimt, 
we should reasonably r-xpef t that segregation would be d!:-l iiietly 
less manil('-t in sucii tasc^, than in eases wiau’e the ])arent races 
dillcTcd ‘soiiait ie.aliy ' in :i conr'])iciious way. Ffw're sliouhl at 
Ica.-t be a considerable corK'lation iK'tweeii the genotypic and the 
phenotypic \-alues for the same character. 

ul.-'o rcniMrkfl tfn* f’lK’irn-ioiU fif v:u'ial)i!ity ('[). 

.Son SumiKT :[nd II ufsl in, ( Ii’iuM ics, lilJl, p. liJI. 
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For tfie same reason, most of the positive evidence which is 
currently ofTcred for tiie multiple factor theory seems to me to 
be (piitc incf)nclusive. We are shown interesting tables or graphs, 
indicating increased variability in respect to some quantitative 
character in the second hyl>rid generation, following a varietal or 
speeihe cross. lUit the significance of such a picture would be 
entirely destroyed wore it shown that an efiual increase occurred 
with resped to characters in wliicli tlie parent races agreed 
closely with one another. So far as I recall, such characters 
have never l>een included in these tables. 

At this [)()int in the diseus.-ion 1 must refer again to a class of 
charact(u-s in whieli the appearaiu'c of ‘segregation' is most 
clearly sho\s n, in s])i1e of the fact that the cliaracters in ciuestion 
are (hmionstrablv nori-hereditarv. I refer to what I have called 
th(^ ‘indices r)f asynmu'l ry,’ i.e., the ([iiotlcmis (.il)tained by divid- 
ing the length for W(Mght i of the left nionfber of a pair of symme- 
trical hones by the eorr(‘s])on(ling value for the right member. 
These imlices Inna* Ixau) treated in tlie same way as the various 
al)soluto measui'emonts inu'e b(>on treated, and eoetlicients of 
parout-(tff>priiig eori't'lat hni have l>een computed. Tlie results 
of th('>e eomputati<ins abased u])on far larger series than are 
df'alt wit It in tlie [) resent pa]>er' siiow [iretty conelu''i\el\’ that 
itniividiial dilTertau'cs in the sinistro-doxtral ratios are not he- 


rrditar\-. 

A e\'ert lawless, it is a striking fa(*t that these non-hcritalde 
charaders sljow the same marked tendency toward an in(*rease in 
the I'k gen(M*atio?i, as (*ompared with the Fi, as are slmwn by 
iindoubtetlly heritable charade rs, which ditTer in the two jiarent 


races. 


Indeed, the highest single (luotieiit here found i7.F 


relates to asymmetry in femur length, while several of the other 
dilTerences for these characters are (if i)ra(*tieally t'ortain statistical 
signihcaiicc.-'’* The histograms dig. 7) are ba^^ed upon the 


When the rosiills of the three crosses are eoinlunod, as wo have a ri^ht to do 
for these eh:ira<Mers. :nal tlie entire I'h and Fj generations are treated as single 
populations, the eerlainty is estahlished iieyond roasonalde doubt, dee Sumner 
and Hiiest is, op. eit.) 
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sinistro-dextral ratios for the weight of the two halves of the 
mandible. They illustrate i!i an unmistakable manner the ten- 
dency of the Fo variability to surpass that of the Fi generation. 

I shall not here repeat the evidence which can be offered to 
show that this increase of variability actually results from the 
fact that we are dealing with an F 2 generation of hybrids, and 
that it is not due to increasing abnormality or to otlier causes 
quite irrelevant to the genetic problems here involved. As 
regards the special case of the indices of asymmetry, this matter 
was discussed in considerable detail in the recent paper by Sumner 
and Huestis, already referred to. And as regards some other 
characters, the question has been discussed briefly in the intro- 
ductory section of this paper and will be further <lealt with in the 
section which follows (pp. 284-287). 

This increase in the degree of asymmetry shown by paired 
structures in the Fa generation presents an interesting analogy 
with certain results obtained by Gates-^ in crossing large-flowered 
and small-flowered species of Oenothera. Not only was the 
Fo generation more variable than the Fi in respect to flower size, 
but there were conspicuous size differences betweeti the flowers 
of the same Fs plant, and even between the petals of a single 
flower. It would be worth while to ascertain whether repeated 
structures in general tend to show greater inefiualities of size in 
Fo than in Fi hybrids or pure races. 

Coefficients of correlntion betu'een related individuals 

Tn table 4 are given the coeflicients of parent-offspring correla- 
tion (1) between the Fi mice and their 'pure' race parents, and 
(2) between the F^ mice and their Fi parents.^^ There are like- 
wise given the coefficients of fraternal correlation, both for the 
Fi and the F 2 generations. For the purpose at hand, it has 
been necessary to limit our consideration to characters whose 
variations are largely independent of those of the general size 


” Journal of Genetics, Nfarch, 

For the Kureka- Victorville series the former correlations are not available 
(see V>elow). 
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of the body. Relative tail length, tail .stripe, and foot pigmenta- 
tion are here included; also the four values which are based upon 
the colorimeter deterininations of the pelage (black, white, 
'color’ and the red: green ratio). 

The mean of all the parent-offspring coefficients-^ is +0.268, 
Omitting the figure for tlie R:(f ratio, a character which does not 
seem to be hereditary,-'^ tliese values range froji^ +0.200 (white) 
to +0.298 (foot pigmentation). It is of interest that the highe.st 
of these values relates to a character which cannot be accurately 
measured, as are all the (jther characters discussed in the present 
pa]>er. b\it which is rated according to an arbitrary scale of five 
gnules. 'riiese Ingh coefficients of correlation make it evident 
that the classification adopted, oven if not based upon exact 
measurement, has none the less been made with fair precision. 

From ta])le 4, we may compute that the mean of the coefficients 
for the ixirent-Fi correlations is +0.218, that for the Fi-Fo cor- 
relations being +0.:^(>>. This inferiority of the correlation 
1)0 tween the Fi animals and the i)arent stocks depends, however, 
almost entirely upon the C’arlotta-Fi coefficients. For some 
reason, the pro])ortion of genetic to non-genet ic variability in the 
small samj)lc of the Caiiotta race here employed is unusually 
low. d'he mc;m of the Fi-1+ coefficients ( +0.806)'“ is almost 
identical with the moan vahie which I re])orted some years ago 
(1918} for })arent-ofTs])ring correlations in resj^ect to tail length 
and tail stripe in three of the ‘ptire' races i +0.800). If any con- 
sidoral)le ])art of the \ ariability in these F 2 hybrids were due to 
the segregation of mendolian allelomorphs derived from the 
parent sto(*ks, we should expect a corres])onding reduction in the 
correlations between the F^ animals and their Fi parents. That 
no su(‘h reduction is evident here is not. of course, conclusive 
evidence against the multiple factor hypothesis, but it shows that 

For method of eomptitin^ tliis ino:ui soo 1 h4ow (p. -“.ij'. 

** More* corrortly .sOitcd, individual dilToroiu'er? of this chnrnctor witldn a raco 
do tmt a])pear to l>e liorodilary to an apprecialdo oxtont. Thoro aro, however, 
tindotihteii nit'ial liifTerenees, wliieli. of eoiirso, are inherited. 

'the moan hmire for ttiil lensjilii and tail stripe alone is praetieally identical 
witii this. 
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no considerable part of the F- variability can be due to the segre- 
gation of factors which were present in a heterozygous state in 
the Fi generation. 

As is conunonly the case, the coefficients of fraternal corre- 
lation are liere highei than those for parent-f)fTspring cori'clation. 
The mean of the entire series is +0.427, those for the Fi genera- 
tion ^l^■eraging +0.442, while those for the F^; average +0.412. 
The diO'ereiu'e between tliese figures is ]>n)ba])iy not significant. 

It is generally recognized that fraternal correlation results in 
part from the tendenev for si bs to be sul)jeeted to similar environ- 
mental conditions, juarticiiiarly during intra-uterine life. Part 
of the variability thus re[)resented is coJisequently of the non- 
hereditary t>pe. Tliere is small reason for heli('\ ing. however, 
that the two hybrid genertUions here consideriMl ditlVr in r(*s[)e(‘t 
to the incidence of tliese envininmental agencies, so that this 
factor may be left out of acc(Hint in (minparing the iwo sets of 
coefficients, 4he sul\iect is more complicatetl thaii it wouhl lirst 
seem, for tlie magnitude oi fiMternal (‘orrelalion may bo affected 
by eir(*um-tances of a statist ii^al nature whiclt have no ndatimi 
to heredity. But, other things e{[iial, we may saA' tlial the 
segregation of meinhhan fa<'tors would naliiee th(‘ fraternal 
eorrelati(ji\ within an>' po[)uhttinii. In the present <'ase tliis does 
not seem to have bofui re<lu{‘e(l significantly. 

I nlrn-hidty>>in<il cnrrchilion 

For the hybrid scries liere discussed, along with the [larent 
stocks from which the>e were derived, and a number of other wild 
races, coeffirients liave berm computed, in order to aseerttiin the 
extent to Avhich various measurabh* characters iwv (correlated 
within the indiviflual. dlie characters chosen are all ones in 
respect to which the parent races differ from one aiiotlier. Some 
other correlations, wliich are not relevant to the present dis(‘us- 
sion ha\’e been jireviously reported f lb20j. 

Separate coefficients luiv(‘ been computed for each race or 
subdivision of our stock wliilc. in the ease of three pairs of 
characters, the two sexes have ))een dealt with scjiarately. The 
results cannot be given in detail in the present paper. It is .sufli- 
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cient here to state that a real positive correlation is found to exist 
beUveen tail length and foot length^^ (+0.272), and likewise 
between the ‘black' of the pelage and the width of the tail stripe 
(+0.289). A low positive correlation (niean coefficient == 
+0.107) was likewise obtained in the case of ‘black' and rela- 
tive tail length, hut the significance is here doubtful, since five 
of the fifteen separate grou]) coefficients are negative. 

Xon-significant mean value.s (positive or negative) were ob- 
tained for the following i>airs of characters: relative tail length 
and tail stripe, foot pigmentation and tail stripe, ‘black’ and 
body length, ddack’ and foot pigmentation, ‘black’ and the 
red: green ratio. 

It thus appears, as has been pointed out in a previous paper 
(Jour. lixp. Zobl., ’20) that some of the most characteristic ele- 
ments of the subspecific complex show no tendency to vary 
together witliin the limits of a given subspecies. To take a 
concrete example, rubidus as a race lias a longer tail and a liroader 
tail stripe than sonorieiisis. Ihit within neitlier of these races, 
is there any tendency for those indi\+luals with longer tails to 
have broader ttiil stripes, or \ice \ersa. 

It might be suggested. howe^Tr, that the character differences 
between the races may beliave dilTerently genet i(‘al]y from \ a na- 
tions in these sanu' (dniracters within any given race, it is con- 
(‘eivable that c«)rrelations among the elements of a com])lex of 
sul)spe(‘ific characters might manifest tliemseh'es mucli more 
clearly in the 1+ generation of hybrids, than elsewhere. I have, 
accordingly, (‘ompare<l tlie correlation coefficients for tliese same 
pairs of characters in thc‘ T; series with tho>e of the Yx series, and 
with lh(^ ‘pure’ races. Jdau'c is but one (‘ase in whicii there is 
any appreciable increase in the correlation between two characters 
in tlie 1+ generation. ’This relates to the correlation between 
‘black’ and tail stripe, for which the mean Y: (Miellicient is +l).:vSr), 
a.s conijiared with +0.202 in the Yx generation. The increase 
here shown depends, liowever, entirely ujion the two sonoriensis- 
rubidus crosses, while for these the signilicance of the tlilYerences 
is far from certain. 

I.C., iiHlrpcndiMUly of the eorrelit ion whieli would l>e hound to occur in the 
length of any two nictuln'rs in a po[)ul;\tion of ini\ctl sixo. 
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With this possible exception, therefore, we may say that there 
is no good evidence, for any single pair of characters, either of a 
significant correlation in the generation, where this was lacking 
in the rest of the stock, or of a higher correlation in the Fs genera- 
tion, where this was present in the rest of the stock. 8o far as can 
be judged from the feM’ charactoi*s under consideration, and for 
tlie present rather limited series of animals, there is little tend- 
ency for the elements of a subspecific complex to segregate 
together after a cross. Such characters df their hereditary basis 
can be reduced to niendelian factors at all -would seem to he 
dependent not only upon quite different factors, but upon ones 
which are not appreciably linkeib There is, of course, nothing 
inherently improbable in such a supposition. 

Rccapilidtiflon 0 / (he data 

To summarize our data at this point, we may say: 

1. The mean values for any given chamctor in tlie hybrid 
animals usually lie between the parental values, though they are 
frequently not equidistant from the latter. 

2. On the other hand, the hybrid values may agree fairly 
closely with one or the otiier of the parental values, or they may 
lie beyond either of these. 

3. The means for the two hybrid generations frequently agree 
pretty closely with one another, tliough this is not the rule. 
There is a preponderant tendency for the Fi figures to exceed 
those for the F? generation, this being probably an example of 
the well-known phenomenon of heterosis. 

4. Xo evidence of mendeliaii dr)minan(‘e has been found in 
respect to any single character. 

5. Considering all of the crosses here comprised, and all of the 
characters measured (fifty-seven pairs of contrasted figures), 
we may say that there is an undf)ubted tendency toward an 
increase in variability, as we pass from the Fi to the F 2 generation. 

0. This increase is not significantly greater when we compare 
the variability of characters in respect to which the parent races 
differ from one another than when we compare the varial)ility of 
characters in respect to which the parents agree closely, or at 
least show no probable difference. 
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7. This extension of variability in the second hybrid geheration 
is extiibited most consistently of all, perhaps, in the case of the 
sinistro-dextral ratios of paired bones, although these ratios are 
known not to be hei’editary at all. 

8. There is strong evidence that this increase of variability is 
not due to environmental factors resulting in a higher degree of 
abnormality in the Is generation fpp. 284-287 below). 

9. Coefficients of iiarent-ofTspring correlation, for all crosses 
and for all characters considered, average somewhat less than 
4*0.8. The mean coefficient expressing the correlation between 
Fi parents and their F- ofTspring is 4-0.306, which is somewhat 
greater than that expressing the correlation between the parent 
races and their Fi ofTspring, but agrees very closely with some 
coefficients which were earlier computed for the pure races. 

10. The mean fraternal correlation is fairly large in both 
hybrid generations, being slightly (tiioiigh not significantly) 
greater for the F, hybrids than for the Fo. 

11. Coefficients wliich have been computed for intra-individual 
correlation show that most of the characters wliich are associated 
together geographically (i.e.. which vary together, as we pass 
from one sulispecies to another) are, none the less, not appre- 
ciably correlated with one another in the iluli^'i duals of any one 
subspecies. \or do the subspecific characters which enter a 
(TOSS together sliow any clear temlency to segregate together 
or even to vary togetlier, in the IC generation (except in the case 
of those characters which are already correlated in the parent 
stocks). 

DisciL^sion 

While the results whicli are discussed in the present pajier are 
by no means ofTcred as an adeipiate refutation of the theory of 
‘multiple factors,’ as applied to the dilTerences between tiie sub- 
species of Peromyscus, they certainly de]>art rather widely, in 
some respects, from what we sliould have expected on tlie basis 
of tluil theory. In another paper-' I have likewise given reasons 


Aincriciin Mny-Jiino, 
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for doirbting the origin of these subspecifir difTerences througli 
any such process of ‘mutation^ as has been studied so intensively 
in the case of Drosophila and various other animals and plants. 
It will probably be felt l)y many that iny contentions, if sus- 
tained, would simply return the wlu)!e problem to the confusion 
in which it lay before the days of ^lendel. Jt will doubtless seem 
that I have rejected the only scientific hypothe>is which has been 
brought forward in explanation of these phenomeiui, without 
offering any other in its ]i!ace. 

At the outset, it slujuld be replied that an incorrect hypothesis 
is not necessarily better than none. Ibit, after all, the re])udia- 
tion of the ‘multiple factor' theor\^ does not necessarily involve 
abandonment of any altem]>t at a scientific explanatiim of the 
phenomena at hand. 

Kvon though we may liesitato to p(jst.ufate the existence of a 
seric.s of special factors conjured u}> for the sole purpose of liring- 
ing oui‘ (lata into conformity with tlie generalized mendelian 
scheme of heredity, we may noiu' the less see th(‘ dir('Cti(>n in 
which a possible scieutilic explanation to l)o s<iught. Surely 
the indisputilde ])henomena of maturation and fc'rtili/ation alfonl 
a general l>asis for an under^tamling ol the vari ibility 

of the two hybrid getiei'ations, witliout the neral of postulating 
various entities wliose existence is {piito beyond the range of 
proof. 

Thus it seems plaiti that every nucleus of an liybrid 
between sonoriensis and niludiis, let us say contains a full set 
of ehromos(jjiu*s derived from ea<‘h one of the two races. Ibirring 
ditferences due to the s<imewhat mlxtal nature* of both tlie 
parent races, the* Ft hybrids aia* alike in tbeir nuchar (a)mpo>i- 
tioii. Ibit the random assortment of ehronujsomes. during th(‘ 
formation of the germ-cells (T tliis g(*neration, mu.*^l bring it to 
pass that the Fl individuals (lifba* widely from f)n(^ aimflier in 
their nuclear compositif)n, even if allowance be made for a large 
measure of interchange and mutual niodiiicatioii between the 
parent chromosomes. 

Such an explanation is, of C(>urse, stibst anti ally id(mUcal with 
the neo-mcndelian one up to a certain point. JUit it stojis sliort 
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of the latter in refusing to regard the entire heritage of an organ- 
ism as the sum of a great number of independent and unalterable 
‘factors’ or ‘genes’ of the type revealed by mendelian experiments. 
It has not been shown, for example, that these subspecific dif- 
ferences segregate with the chromosomes at all. It is not im- 
j)ossiblc that they undergo a tf>tal or ])artial blending during some 
phase of the nuclear cycle. The doctrine of the ‘indi^'iduality 
of the chromosiuiies’ has already had to undergo serious modi- 
ficatiou as a n^sult of the phenomena of ‘crossing o\'er/ and it is 
possible that further serious curtailment is in store for it. There 
are some reasfuis, too. for l:>plieving that the cyto])lasm may play 
an important role in the transmission of certain parts of an 
organism’s heritage. 

In any case, one who keeps his mind open to such possibilities 
is not forced to call in (inestion or to ignore results which do not 
seem in harmony witli the more radical formulation of the 
factorial hypothesis. W hile, for exarnjde, the ])rescnt writer can 
olTer no explanation of the (uuhnis fact that we have a strong 
appearance of segregation in res]')cct to certain characters which 
arc not hercditar\' at all. this tact stands in no contradiction to 
any hytxUhesis which he had ])revi(iusly adoi)ted relative to the 
nature of iiei'edity transmission. 

But I shall regard it as unfortunate if the value which is set 
upon the data contained in tlu' ])resenl paper is made to depend 
wholly on their success in solving some of these fundamental 
problems of genetics. It must be remembered that almost 
notliing has hitherto been ascertained regarding the behavior 
of the sul>s]>e(alic char:i(‘ters of mairimals or birds in liybridiza- 
tioii.*'' I'^’eii tile obvious and superficial as])ects of the case have 
been thus far largely unknown. 

Honhote (.Vigour and Ilc^ri'dity. Uondon. liU.i ! made I wo .-.liUspcnfic crosses 
of tlie ti^yplian rculent Mcrioncs crassus. and reports an entire al>seneeof soixre^a- 
tion in tlic Fi jreneration. The number of individuals was, however, very small 
fur such a test. 
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It is impossible here to enter into any adequate discussion 
of the literature of specific hybrids. One familiar assertion, 
which was heard more frequently formerly than now, was to the 
effect that specific characters tended to blend permanently in 
hybridization, while varietal characters were held to mendelize.-^- 
In recent years, many have disputed the reality of this distinction. 
Heribert-Xilsson,^^ for example, who has conducte<.l extensive 
experiments in hybridizing willows, is led to the conclusion that 
even widely distinct species of these trees differ liy surprisingly 
small number of factors, but that these factors influence all the 
organs of the individuar^ (p. 113). In Ileribert-Xilsson s experi- 
ments, a close approach to one of the parent forms at least in 
some of its most conspicuous features was sometimes obtained 
from a very limited series of Fn hybrids. 

From the previous discussion it will be plain that no such 
account would hold true of the subspecific characters of 
Peromyscus. ^lost of the elements comprised in the total sub- 
specific complex have been found to be independent of one 
another in inheritance. Furtliermore, no single character of the 
complex behaves in ob\'ious mcndelian fashion. If these charac- 
ters depend upon inendelian unit factors at all, they are, in every 
case, dependent upon rather large iiiiinbers of cumulative 
(‘multiple’) factors, which segregate independently of one 
another. 

The present case appears to be more nearly comparable with 
certain of those described by Phillips’’ * for hybrids among birds. 
From crosses between the mallard and the Australian duck 
‘very slight segregation’ was noted among Id F. males, the 

Almost nothing Iiaa been dor.e in tlio way of hybridizing snljspecies. But 
after all, subspecies do not dilTer in any essential way from species. \\ hether <>r 
not two groups of mammals or f)irds are regarded as speeios or subspecie.s <lepen«ls 
upon whether the intergrading forms have lioen ))reserved- 'riie extremes are 
often more widely’ distinct than two 'good' species. 

For example, De \ ries : Sjx'cies and varieti(;s, Lect ure ix. 

” Festskrift utgiven av Lunds Universitet, 11)18, vol. 2, no. H, pp. 1 l ir). 

^♦Genetics, vol. 6, July, 11)21. 

Only the males are considered in the.se comparisons, since the most ron- 
spicuoufl specific differences of plumage arc confined to this sex. 
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‘ino.st extreme mallard type' scarcely differing from the Fi indi- 
viduals. In crossing the mallard and pintail ducks (a generic 
cross), ^^thc smallest possible amount of segregation was found, 
both in the straight F2 generation [sixteen males] and in back- 
crosses with the pintail male.” Also in a somewhat more exten- 
sive series of crosses between the gold pheasant and Lady .Amherst 
pheasant, ‘‘The F^ generation .... is merely a repeti- 
tion of the Fi, but with the extreme variates slightly extended.” 

On the other hand, in crosses between the mallard and Florida 
duck from which tliirty-eight F2 males were obtained, Phillips 
records the occurrence of two nearly pure mallard types and three 
nearly pure Florida tyj)es. Some other crosses yielded decided, 
though rather less ])ronounced, appearances of segregation in 
respect to various s]>ecilic color markings of the male plumage. 

Phillips, like most recent geneticists, views the cases which 
sliow clear-cut evidences of segregation as the typical ones, 
reganliiig the condition of the others as due to the complexity of 
the factorial differences. An alternative interpretation is of 
course to suiipose that we have all gradations between a complete 
and permanent blending of (‘haracters,'"^ and a practically com- 
plete segregation of these. More evidence is certainly nece.ssary 
before we are entitled to choose definitely between these two 
alternatives. 

Further evidence <if the unwisdom of allowing oneself to be 
stampeded at the pre.^ent time is derived from the recent 
experiments of J. W. H. Harrison upon lepidoptera.*’" This 
writer who. a few years ago. was an ardent supporter of the 
‘multiple factor' hypothesis, has more retent ly been led to believe 
that unit chara inters may be changeil as a result of crossing. 
Harrison holds “that in species- and race-hybrids this gametic 
blending or contamination is more prone to occur than in crosses 
between varieties of the same sjiecies." This \'iew he bases, in 

I will jKit factors', since this mode of expression would concede the 

universnlity of the factoriul scheme of heredity, u view which I repard as quite 
unproved at present. 

See, especially, .Journal of Genetics, vol. 0, Feh., 1020. and vol. 10, July, 1020. 
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part, upon '*the disparity between the enormous fluctuation of 
the melanism, e\^en to its actual disappearance, in the 
Fo eirpuscidaria-bi star tala hybrids [a specific cross], and the 
uniformity of the melanics in the F 2 crcpiL'icuhiria’deJamercnsis 
mongrels [a varietal cross]. 

The experiments of Detlefsen in crossing the domesticated 
guinea-pig with a wild species of cavy (C'avia rufescons) yielded 
many results of interest, some of which the author regards as 
evidence of mendelian segregation.^^ Thus the ‘agouti’ (banded) 
character of the hair displayed characteristic difl’erences in the 
two species used, and Detlefsen believes his evidence to prove 
that the two types of agouti are allelomorphic to one am)ther, 
the wild type being recessive. One circumstance, however, may 
lead one to question whether the diflerence depends upon stable 
factors, which cannot be ciiangedhy crossing. Tlie ‘wild’ agouti 
condition— at least in some lines became continually reduced 
by the successive crossing of these hybrids with non-agouti 
varieties of the guiiiea-pig. Since no such reduction is knowji to 
follow from the continued crossing (and back-crossing) of 
agouti guinea-pigs with non-agouti ones, may it not be that such 
a dilution is rendered possible by the fact that, in the former case, 
the allelomorphs came from distinct sf^ccies? Is not this ])erl]a[)s 
just such a ‘contamination’ as Harrison lias described in the case 
of specific crosses'/''^ 

As regards bone measurements, we learn that ‘‘there is little, 
if indeed any, evidence of segregation and ro(‘ombination ot 
factors for size in these crosses’’ (ji. 71), although the parent 
species differ considerably in size. Also, “the diiferences in skull 

” 1920, p. 82. — It .should he noted thnt the iindonnity lii.st p'ferred to is not ii 
uniformity of the Kj ^enerrilion us :i whole, hut !i uniformity of the mel.jtuo in- 
dividuahs within that generation. 

Carnof^ie Institution pul)Iication no. 20.'), 1914. — Unforhinafely the l'\ liy- 
brids were sterile intense, so th.at, for later j^enerat ion.'^, iJellefsen wa.s restricted 
to continued hark-rrosse.s between hi aniimds and guiuea-piu-s. 

I am iritere.stcd to learn from Dr. Detlefsen that Ise himself sujrjjested the 
possible analogy between these tuf) eases in a letter to Dr. llarri.son, written some 
time ago. Dr. Detlefsen remark.s in this connection: *'1 am likewise .somewhat 
skeptical of an absolutely stereotyped mendelian interpretation for all genetic 
phenomena.” 
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shape between the wiki and tame were blended in the Fi genera- 
tion. In later generatifjiis [of baek-crosses with the guinea-pig] 
all traces of the pointedj wild skull sliajie were gradually lost” 
(p. 77). 

While many results from specific hybrids could doubtless be 
cited which afTord more (‘otivincing evidence of rnendelian segre- 
gation than the foregoing, we are, I think, hjrced to the conclusion 
that any attempt to universalize this principle is at present 
dogmatic and iirematiiro. 

MORE DE'CAILED DISCl'SSIOX Or (.'ICRTAX FEATUItES OF THE WORK 

I liavo relegated to this section certain details, both of method 
and results, which are necessary to a j)r()])er e\'al nation of these 
experiments, but whicli would have broken the continuitv of tlie 
narrative if introduced eaiiitn*. 

C’ertain explanations are lua-es^arv regarding the tables 1 1 to 3) 
giving the naxins and standarri deviati(}ns for the vai'ioiis charac- 
ters in botii 'pave and hybrid stocks, lou’ characters 'which \ ary 
to a large extent with, t ht‘ general >ize o|' the animal }>ody length i 
the mean N'alues in these tai)lcs have been made comparable with 
one am (t her liy redm'ing them to tlie values whieli they would 
have had if every series of animals had a mean body length of !H) 
millimeters. d1iis. it is hardly necessary (o state, lias been accmn- 

plishod bv the use of the ‘regression coolliciont .' .r = /• y, 

which need not be ftirther explained luaa'.'’ d’his procedure has 
been a(k)])t(Ml in the ca>e of ivlative tail hMigth '‘tail per 
cent’).'- and the length of foot, oar, pelvis, femur and -kull. 
Siru'e the means ku* body length in the various series do not in 
any case depart \a'rv tar trom IH) mm. thi' roults here obtained 
are doubtless accurate enough for present pinposos, desjule llie 

S(M> Suiinior, Jour. I-ivp. Ztv*],. April. I'.'JC. p. JS.’, 

'riic appJio.'if iiMi of ihis corixH'tioTi to rrlalivc tall Itourih is rcsponsilUc for 
the not very ^roat disiTopuncios iMMwov'n (he hirnros to he noted in tlie present 
paper and ones whieh were eontainod in a former paj>or OhJO for some lU* t he satnc 
animals. 
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fact that the correlations between these characters and body 
length are far from being linear. Ihe tail and foot, for example, 
are relatively larger in the smaller individuals. In the ease of 
the former member, this is evident from the fact that we find a 
negative correlation f-O.lo; l)etween body length and relative 
tail length (ratio to l->ody). 

In the case of the chararters mentioned, their standard devia- 
tions have been similarly ‘c(')rrected/ so as to eliminate that part 
of tlieir varial>ility which is due tfj the varyiijg size of the organ- 
isms. This has been accomplish(‘d l)y multiplying the crude 
standard deviations by the factor vl — r- in which r is the 
coefficient of correlation between tlie part in (question and body 
length. Since two series under consideration may differ widely 
with resj)(‘ct in their range in slz(\ it does not seem legitimate to 
comiiare the gross variability of tlieir single jiarts. 

Coetiicients of variability were not computed, for reasons 
stated in h^ot-note on ]>age '2T.h I'lie use of these, instead of 
standard diwiations, would, however, have left the relative 
varialiility of the two hybrid generations unaffected in all cases 
exce])t two. In tlieso two cases, the signs are changed from posi- 
tive to negative, the vtiriability. as thus rated, is fouiul to 
be lower in the l*h generation. It is of interest that both of these 
changes relate to chaia(‘lei's loot pigmentatimi and ’white.' 
table d} in res[)e(‘t to which tlu' parent races differ from one 
another. 

I'he columns lieaded number /no.*) give the number of 
individuals of ea(‘h race wliicli wtae measured for each cliaracter. 
It will be seen that tlio numbers in a given column vary rather 
widely, a fmd v hicli demands some extilaiialion. Kverv animal 
used in these studic^s with certain exct'ptions to be referred to 
]iresently) was put thi'ongh a series of ]>reliniiuary measure- 
ments shortly alter death. ’Diose iiudiuled the length of body, 
tail, foot and ear, and tin' width of the tail stripe.'' 'riie numbers 
representing the measnremenls of these (diaracters are con- 
sec luently a]>proximately ecpial. 'riie lesser number of those for 


See tuy laiS paper (above cited for im'tluul of taking inea.-ureinents. 
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characters other than body length is due to the impossibility, in 
certain individuals, of obtaining accurate measurements, owing to 
the injury of one or another part. 

Skeletons \Yere not prepared for certain series, except for the 
limited number of individuals which figured as parents of hybrids. 
And even in these cases, certain bones, particularly the pelvis, 
were sometimes so damaged that accurate measurements were out 
of question. 

Foot pigmentation was not selected as a character for quanti- 
tati\'e determination until midway in the (“ourse of these studies. 
The feet of the earlier series of Eureka and \'ict()rvi]le mice were 
consequently not saved, the small numbers re])resented in the 
table being obtained later. There is not, however, tlie slightest 
question in regard to the wide difTerence between the feet of the 
Eureka and \hctorville mice, despite the small numbers here 
listed. Series of freshly killed animals have been compared at 
various times in respect to this character, in addition \o the more 
accurate gradation of ]}repared feet, represented in the tables.’’ 
Furthermore, the Eureka mice may be assiuned to resemble the 
Carlotta ones rather closely in tliis respect, and of the latter 1 
have a quite adequate series. 

It is witli regard to the pelage characters tliat tlie discrepancies 
in the numbers are greatest. Owing to the amount of labor 
involved in the preparation of skins, and to the fact tliat 1 ditl 
not at first expect to be able to measure the color characters, 
no large series were prepared for the wild races. In the ease ol 
the Fi hybrids, I unfortunately restricted the skinnu)g to animals 
which were parents of F-. broods, or whicli were tlie sil)s of svK’h 
parents. This resulted, for exam))le, in the abridgement of the 
Carlotta-Victorville Fi series to forty skins, a num])er iiiadeiiuate 
for the study of varia]>ility. On tlie other hand, all of tiic i': 
animals were skinned. 

Another point in reference to my general procedure should l)e 
referred to here. In the ease of wild mice, individuals under SO 

** These last were placed in 70 per cent alcohol, beinx later Iran.sferred t<» 
glycerine. Care ha.s been taken throughout to kr<'p them from cNposure to light, 
except when under observation. 



IlVBnrDIZIXG STJBSPKCIES OF PEROMYSCUS 


281 


min. in body length liave not been measured nor included in my 
studies. This was in order that the series should not contain any 
very immature individuals, though it is true that mice of from 
80 to 85 mm. are freciuently in their juvenile pelage. Unfortu- 
nately, as I now believe, this practice was extended to the cage- 
born mice, resulting in the exclusion of a certain proportion of 
stunted individuals, which were none the less known to be fully 
adult. The measurements of tlie hybrids comprised in the tables 
(except those for coat color) are conse(iuontly restricted to indi- 
viduals of 80 mm. or over. This procedure has not, however, 
affected the results to any material extent, since the luimber of 
rejected individuals was in every case small. Tliis 1 have tested 
by eomi)uting new standard deviations for body length for each 
entire lot, including these much undersized individuals. The 
relative varitibility of the iiylnad generations, in this respect, 
is left (luite unafb'cted by this procedure, and it is fairly certain 
that the standard deviations for the other characters Avoiild not 
bo materially alTected tliereb}'. either relatively or absolutely. 

As just stated, tlic skins of these untlersized ibiit mature^ 
mice were irududed in tlie hybrid series, a cireuinstance whicli is 
responsible for tlie fa(*t that there are sometimes comprised in 
the tables a greater n umber of skins than of mice which were 
measured. 

Although it is not desirable here to gi^'e any general account 
of the jirocedure u])on whudi these color determinations have 
been based, it is worth while to exidain briefly the deiU atioii of 
the four vtducs (‘black/ ‘white, ‘(’olor and *R:(i ) which are 
included in the tables. It is necessary first to state that the 
portion of the pelage under consideration*’ is examined through 
three color scrccms successi\e}y. in comparison with a ‘standard 
lilock of white magnesium carbmiate. The reading tor the skin, 
ill eacli case, is expn^ssed as a percentage (d the value for tlie 
standard. The ditference between the liighost reading ilierc that 
for red) and 100 per cent is regarded as being the percentage of 
‘black.’ TIio hnvest reading (that for the blue-\'iolet ) is reganied 

Kqunl aroaH, similarly sitnatni, are used in all eases. 
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as expressing likewise the percentage of Svhite/ while the difference 
between the lowest and the highest readings is regarded as reprO' 
senting the proportion of 'free’ color, i.e., of the light remaining 
after deducting the white. The 'R:G ratio’ is the ratio between 
the values for red and green, after deducting from each the value 
for white. In a general way tins ratio depends upon the spectral 
position of the 'free' color, though needless to say the wave 
length of the latter cannot be derived in any direct way from these 
readings. The color in all cases lies somewhere between red and 
yellow and is much more constant in (juality than the great 
differences in the appearance of the skins would lead one to 
suppose. 

It has been the object, in preparing these various series of skins, 
to include only those which Avere in the final or 'adult’ jdiase of 
the pelage. For the wild stocks this Avas accomplished by 
keeping animals, believed to be fully adult Avlien trapped, for 
several additional months in captivity before killing. In the 
case of the first tAvo hybrid series, killing Avas postponed until 
an age of between six and one-half and sev(*n months. vSune 
preliminary obserA'ations led me to suppose tliat animals at that 
age could be de])ended ui)on to be in fully mature pelage, d’his 
was later found to be uuaa arrant('d. Some of the skins in both 
of the first two hybrid series (particularly in the i'hireka-\’ictor- 
villc one) Avere h^und to be in the transition from tlu' posl-juvetiile 
to the adult conditiom The results from these are th(‘refore to i>e 
accepted Avitli some reser\'ation. 

In justification of including these not ([iiite mature skins, il 
may be said, 1) that the racial differences, as aaoU as tlu' more 
pnjnounced indiA'idual variations of a genetic nature, commonly 
far outweigh the difference between the [}ost-juveni!e and mature 
pelages of the same animal. 2) Both liybri«l generations, in eacli 
of these cros.ses, were killed at the same age, so that the <l('gre(' 
of immaturity Is i)rf)1)ably closely alike in the tAvo e.ases. ib 
d he |>arent-offspring (‘orreiations ( K, — b',.) for these color clmrac- 
ters, are even greater in the ease of the ( ’ar!<ilta-( 'alistoga cross 
than in the ( ’arIotta-\ ictor\'ill(' one, althougli in the latter lot 
there is no ([uestioii as to their maturity. This is sullicient evi- 
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(lence that the proportion of ^genetic’ variability in the total 
variability has not been seriously diminished in the former series. 
As regards the l^ureka-Vietorville cross, on the other hand, both 
tlie parent-ofTspring and fraternal correlations for the coat- 
color characters arc very low, and this may well be due to a large 
])roportion of ntju-genetir* variability due to incomplete molting. 

The C'arlotta-X'ictorville anijnals, of both hybrid generations, 
were reared to a mr)re advanced age h)efr^re killing, so that we are 
not here conctu'ned v ith dilTereiiees due to immaturity of pelage. 
Likewise, in the ca-'e of these animals, the pf^ssibility of seasonal 
variation in pelage was eliminated by killing all of the animals 
at the same time of the year date March and early A])ril]. This, 
howe^■er. resulted in tla^ animals di lie ring rather widely in age. 
'Lliose of the T; g(meration \'aried from ratiier less than nine 
inrmths to mor(^ than t(m months old. In tlie ¥• generation, the 
'earlier broods' ranged frojii fifterai to iiim^teen months in age. 
while the ‘later broods’ ranged from tweh'e to nearly fourteen 
months. 

Owing to the ditTerenr'e. just referred to, l)etween two sections 
of the material in this cross, it has been n^garded .as advisable 
to deal with these two sections separateh' in <iur statistical treat- 
ment. This is the more necessary, owing to the diilereiU'C in the 
conditions to which the-e two lots of mice were subjected, i lie 
‘earlier’ broo<l.'i were reared. lik(' all tlie rest ol our stock, in a 
spiM'ial building ‘imirariuni c imheatod. and treely ventilated, 
3'h(' ‘iat(a’‘ li roods wine reared in tlie lia semen t of the library 
building of the Srrip])'^ ln>tilulion, vlu're they were kept at a 
somewhat high(a’. as well as a niindi nmre const ant temperature. 
As a ]>ossible ('on>e(juen(“e (»f this treatment.’’ the ‘later’ broods 
ronsi.-.letl, on the average, of slightly larger animals, having all 
of the linc'Mr iiK'asurenK’nts somewhat greater than those of tlie 
'earlier' oiu's. and h.n'ing an appnaaably lower ^■arial'lility. This 
la>t fart make^ it seem jirobable tiiat tin' variability of all these 
liybrids iof botli generations) is due, in some measure, to extern.al 
conditions. 

riu! JiRO of th(* p.iroiits m;iy, }io\\\'Vcr, hnvo pliiyrd a part in fhoM' rrsolls. 
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No detailed discussion seems worth while of the differences in 
the mean values of the various characters in the two hybrid 
generations of all the crosses here considered. As regards the 
linear measurements, we liavc other evidence that they are 
affected by metabolic differences among the individual organisms, 
as well as by racial differences of a genetic sort. In some in- 
stances, they are known to be affected by differences in the 
atmospheric temperature.^^ In the present tables, the Fi and 
F2 means are seen to differ at times rather widely from one 
another, in cases where no satisfactory explanation can l)e 
offered (e.g., tail length in table d, and ear length in all three of 
the tables). Since those characters which are subjected to linear 
measurement (including tail stripe) are all ones which are modified 
(diminished) by the conditions of life in captivity, it is of interest 
for present purposes, t(j ascertain whether there is more of this 
modification to be detected in one hybrid generation than another. 

Accordingly, I have compared the two hybrid generalir>ns uf 
each cross with respect to the mean values of the following 
characters; tail per cent, foot (inaloi. foot (female), femur, skull 
and tail stripe. The differences iF. -F,) have ])een coininited for 
each. Without discussing in detail tlie various characters, it may 
be said that of the thirty-six ditTerem^es here represented (the two 
F2 lots being treated separately) twenty-nine are negatb’e and 
seven positive. In other words, in twenty-nine of these cases, 
the mean value for the F^ animals is smaller. 

It might accordingly be contended tlcat the F2 animals were 
less normal (more modified) than the Fi, and that this fact is 
accountable for the prevailing increase of variability in the sc<‘ond 
generatir)!! of hylirids. That such an inference cannot fairly i)o 
drawn seems plain from the following facts; 

1 . The increase of variability in the F. generation does not 
relate preponderantly to those characters which sliow tliis reduc- 
tion of size. An association table (not here reproduced) which 
I have constructed tf> test tiiis point reveals an almost coitiphdc 
lack of association between the sign of the difference between the 
means and that of the difference lictween the st am lard deviations. 


E-i;., in ray own e\'|K’ririK!nts wit h wliitc nticc. 
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2. In respect to half of the characters mentioned above, the 
mean Fi value exceeded the mean of the \^alues for the two parent 
races. In certain cases, indeed, it exceeded both of the parental 





TAIL"/. tail stripe 

Fig. 1 Showing tho range of vnrinlulit y in the C^^rlottu and Calvstogn rnccs 
;ind in F. nnd F: ii> hrids. i Modified, from Suinnor. dour. F\|i. ZtKil., ’20. ^ The 
lcft-h:ind s«>ries of Iiisfognims is Imsnd upon rclntivo t:dl Itmgth: fhe riglii-hnnd 
onos ui*on width of full slripr. Crossdmtrhod ;ue.is in the pure ruces represent 
parent. s oi Fj hroods. Sueh ;ire;is in the Fi represent parents of Fs animals, to- 
gether n il !i the ijihs of sueh parents. Figure.-^ in parenthesis represent the nuinFer 
of iiniividnals eompristMl in the .series in (piestion. 

values. It is (luito possible tlmt this is a manifestation of 
heterosis or ‘hybrid Tims tlie reduction in the relative 

size of a part when we pass from the Fi to the ¥2 generation does 
not in all cases represent a decrease in relation to the mid- 

‘*The extreme size !tnd weight of .some of the F; mice lends support to this 
interpretation. .My results, in thi.s regard, arc quite similar to those of Castle 
(Carniegic Inst. Publ. No. TdO, I'.VJjy 
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parental value. The mean F 2 figures for foot length (both male 
and female) remain higlier than the parental means for this 
eharaeter, while the figures for ear and skull are almost identical 
with the mid-parental ones. 



CALI5T0GA (26) 

&3)J 


r 1 n i 


ri 

' L, 
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Fig. 2 Histograms based upon the values for ‘Idack’ in the pelage of the 
Carlotta-Calistoga aeries. 

3. 1 have compared mean values and standard deviations for 
several of the ^pure’ races, in the wild and in the first and second 
cage-bred generations. The important ijoint derived from this 
comparison is the fact that, in respect to all three r>f the (‘haraclers 
chosen (tail per cent, foot length, and tail stripe) the variability 
was actually less in the second than in the first cage-born genera- 
tion, although the mean \ailue of the measurements was smaller 
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in two cases out of three. So far as may be judged from these 
figures, therefore (and they arc based upon 237 second-generation 
mice), there is no evidence that variability increases in successive 
generations of captive mice. 



ri>;. o His(<)tjr:iins f)ir fail length ileft' aTid width of fail stripe 

(rinht r in lln' I';iirrk:i-\'if’toTville series. (Modilk'd from Sumner, Jour. Kxp. 

'JO. ) d'he ernss-hafehed areas in the Ik generation represent parents of Fj 
hrood.s. to;;r't)ier ^virh the sihs (k .sueli parent.s, Tlie actual jnire’ race parents of 
the Fi hybrids wt're in this case ca^e-hred animals. They are indicated below the 
larfTor hi.stnjjrains for tlie pure races, which represent more accurately the charac- 
ter of these races. 


The upsiuh. of the itresent discussion seems to be that the Fs 
hybrids tloalt with in the present experiments are more variable 
than the Fi, for the reason that they are F- hybrids and not 
because of extra neons circumstances. 

It is worth mentioning, in respect to the color characters, that 
in two of the crosses out of three the value for black in the Fi 
genemtion wa.s greater than the mid-parental value (the values 
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for white showing a reverse relation) while in two cases out of 
three the Fo value was greater than the Fi (figs. 2, 4, h). For 
this reason, in the Carlotta-Calistoga cross, of both generations, 
and the Carlo tta- Victorville cross, of the Fi generation, the 
number of individuals falling within the range of the darker sub- 





Pig. 4 Based upon i>ercentLigcj of ‘black’ in the Eureka- Victorville series 

species greatly preponderates over the number rcsemlding the 
paler subspecies. It is likewise to be lu^tod (fig. b) that the 
‘later’ F 2 broods of the Carlotta-Victorville cross are darker than 
the ‘earlier’ ones. Since these last two series dilTer in respect to 
age, it seems possible that age may be responsible for some of 
these differences. I have encountered other evidence that ohler 
mice tend to be slightly paler than younger ones, even when the 
latter are in the ‘adult’ pelage phase. 
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Some explanation is demanded of the table (table 4) comprising 
the parent-offspring and fraternal correlations. In computing 
the former series of coefficients, the parental deviation, in each 
case, was repeated as many times as there were offspring belonging 
to each parent, the total number of offspring being the bi' of the 


F, HYBRIDS, Liter p n fcr.. js(65) 


Fjh'^BR'DS, n Larfier br;;:fs (Sc) 

weiri, pj ^ 
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Fiff. 5 Histograms for relative tail length (left ' aiul width of tail stripe (right) 
in the Carlotta-Vietorville ?eripH. For explanation bee tigure 1. Xo cross- 
hatched area^i are inelnded in the Victorville polygons, biiice the actual parents 
lichmgcd to a limited series not here comprised. It is important to state that a 
few <if the most extreme values for llie tail stripe are perhaps not comparable with 
the ol h<Ts (.see text 


formula. In cam[)utiiig the probable errors for these coefficients, 
on tfie other hand, ti lower value of bt' was employed. This was 
the arithmetic mean between the number of oiTspring and the 
number of jiareMts. These last two numbers, connected by 
hyplien, are the ones which appear in the columns headed 
‘numbers' in tlie upper half of the table. It will be seen that the 
numbers upon which the coefficients for tlie color charactci*s are 



290 


FRANCIS B. SUMNER 


based are in some eases considerably smaller than the others 
(for reasons see p. 280 ). 

In the case of the Carlotta-Calistoga and the Carlotta- 
Victorville crosses, tliere are given both the correlations between 
the parent races and the ¥i hybrids and the correlations 





Fig. 6 Based upon [percentages of 'black' in the C'arlotta-Victorville series 

between the latter and the ¥2 hybrids. In the case of tlie Eureka- 
Victorville cross, the former set of correlations are lacking, owing 
to the fact that the animals of the P generation were in this case 
not measured. They were all cage-bred animals. 

In computing the parent-Pi correlations, the two races have 
been dealt with separately, though the sexes liave been thrown 
together. This last procedure is permissible, in as much as we are 
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dealing with chamcters which show no sexual differences. For 
the F1-F2 correlations, on the other hand, the sexes have been 
dealt with separately. 

The figures in the column headed ^means’ are the weighted 
means of the three color chai'actei's (‘black/ ‘white/ and ‘color’), 
and for the two sets of figures (e.g., Carlotta-Fi and Calistoga-Fi) 
representing each type of correlation. 

In the computation of the fraternal correlations, the deviation 
for each member of a brood was paired off with the deviation 



Fig. 7 Based upon doxtro-sinistral rat io.s for the t^s■o halves of the K)wer . 
in wild mice of severaUpure’ races, cage hred animals of the first generalioiiUikc- 
\vise of ‘pure’ race), and Fi anil I'j hyl>rid.s i three scries conil lined >. d’lie ahseissas 
represent the ratios, the ordinates standing for the frequencies of each. (Sumner 
and Ifuestis, Gonetic.s, ’21 ) 


of the mean value of its sibs. The ‘a’ omplr)yed, ])oth for tfie 
correlation coefficients and the probable errors, was the total 
number of animals comprised in the generation dealt with. This 
method of procedure has some statisticjd disadvantages, i)ut it 
seemed the best one to employ in the present circumstances. 
The figures in the columns headed ‘numbers’ represent the total 
number of individuals of each generation upon which the 
coefficients in question are based. 
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TWKXrV-Kl VK FIOL KE.S 

rXTRODUCTIOX 

From the results of previous experiments involving the trans- 
plantation of tlie anterior limb and the corresponding level of the 
spinal cord in Aml)lystoiua embryos, a number of considerations 
were directed towards an analysis of certain niorphogenetic and 
functional readjustments of the central and peripheral nervous 
system in res[)onse to the altered conditions. 

One of the tiutstanding results of the limb experiments was 
the demonstnition of a remarkable propensity on the part of the 
normal brachial nerves to suii[)Iy the limb when the latter was 
transplanted short distances (from one to three seginents) caudal 
or rostral to its normal site. This tendency for the displaced 
limb to receive the normal nerve sujtply was not interpreted as a 
definite specific relation between these nerves and their normal 
terminal musimlature. for it was found that limbs, which were 
reimplantcd at greater distances than above mentioned, received 
their nerve sui)ply from plexuses formed by nerves wliicli normally 
supply the abdominal musc’ulature, 

Jt became perfectly clear in these experiments that the extent 
to which a transplanted limb could function depended primarily 
upon tlie amplitmie of its nervous connection with the normal 
brachial reflex mechanism existing within the central nervous 

* The cxj>crinu:n(s wrro rarrioU out at tho Aiiulomical Laboratory of the Vale 
‘‘^rhool of Meitioiiio in the of U^JO. 
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system. Limbs receiving their nerve supply from spinal seg- 
ments lying beyond the limits of the normal bracliial level, \vere 
found incapable of perfect coordinate movements, even though 
in the possession of complete skeletal and muscular differentiation 
and an adequate intrinsic supply of nerves. 

In the light of the apparent ‘preference’ on the part of the 
brachial nerves for their normal end organ (limb) when the 
latter occupied a heterotopic position, it became of interest to 
determine if possible wliether or not in normal development there 
is any evidence of an intimate developmental relationsliip between 
a given nerve and the particular muscles whicli it supplies, or 
whether the developmental reactions on the part of the brachial 
nerves towards their displaced end-organ are of more general 
nature, i.e., referable only to the shoulder ajid limb as develop- 
mental systems. 

Previous experiments (Hraus, 'Go; Harrison. '07, and Detwiler. 
'20 b) have shown that, regardle.<s of the segmental nerve con- 
tribution, the intrinsic nerve distribution within a transplanted 
appendage is exactly the same as in the normal. That this is 
subsidiary to the mode of segregation of the structures within the 
differentiating ap]iendage, was ]K)inted out by Harrison (op. cit. ). 
li'om this we see that, whereas tlie topographical relations of the 
differentiating structures within the end-organ undoubtedly play 
an important role in determining the final i)ath of the nerve 
fiber, such mechanical influeiu-es do not reveal the mechanism 
whereby the initial connection hetwecn the nerve fiber and its 
particular end-structure is established. The })lausibility of the 
concept that peripheral selectivity may be determined by an 
electro-chemical mechanism siu’h as offered by Kappcrs (’17) in 
explanation of the dynamic polarization of the neurone and 
selectivity within the central nervf)us system has been suggested 
previously (Detwiler, ’23). 

By reversing the limb level of the spinal cord, the normal 
relationship between the outgrowing nerves and elements of the 
muscle bla.stema is entirely upset and a condition is presented 
whereby the forces which underlie normal connections in this 
region can be studied further. 
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Under normal conditions of development the muscles connect- 
ing the shoulder girdle with the limb and also the limb muscles 
receive their total nerve supply from a plexus derived from the 
third, fourth and fifth spinal nerves ("20 b, Hg. 2). The third 
nerve, although contributing a few fibers to the extensor nerves 
of the limb, supplies the major portion of its motor fibers to the 
shoukler muscles (op. cit., p. 128j. The fourth nerve also con- 
tributes some fibers to the shoulder muscles, but the greater 
portion of this nerve enters the limb whereas the fifth nerve, 
which is considerabh' smaller than the third or fourth, appears 
to contribute an approximately equal supply to both shoulder 
and limb. The source of the nerves to the various muscles 
connecting the liml) with the shoulder is given in table 2. 

Frorti the results of previous spinal cord transplantation experi- 
ments considerable evidence has been produced to show that the 
extent of motor cellular difTeremtiation within a gi^■eu region of 
the spinal cord does not depend upon the functional demands of 
the terminal musculature, but that it is more directly influenced 
by stimuli coming from des(*ending longitudinal jiatiiways with 
which functional connection is established. In these experiments 
it was found that the motor elements in segments of the spinal 
cord located caudal to the limb hwel did not undergo any hyper- 
])lastic develoiunent when subjected to the added functional stres-^ 
of a terminally increased musculature (limb and shoulder muscles). 
Howe\'er, when these same segments were substituted for the 
anterior limb level of the cord, they underwent hyperplasia 
ap])roximately ecjiial in extent to the increased. development which 
normally cliaracterizes the brachial enlargement. From these 
results, it became apparent that the typical increased prolifera- 
tion of the primary brachial motor neurones is not primarily due 
to the demaiiiis of the limb nui.sculatiire, but rather as tlic result 
of the increased stimulation emanating from the longitudinal 
conduction patliways which normally terminate at this level of 
the (‘ord and are concerned in the coordinate control of the limb 
musculature. This interpretation was further supported by the 
results of limb extirpation experiments in which it was shown that 
the excision of the limb rudiment had no measurable etTcct upon 
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the early extent of differentiation of the primary brachial motor 
neurones, as was evidenced by comparing the weight, size, and 
number of nerve cells in the two halves of the spinal cord at 
the limb level (Detwiler, ’23, figs. 7 , 8, and 11; also tables 2, 
4, and o). 

Under normal conditions of development, the bnichial portion 
of the cord (third, fourth and fifth spinal segments) exhibits a 
gradual decrease in size, and number of cells as we pass from its 
rostral to its caudal limit. In all of the previous experiments, 
viz., those in which the limbs were excised as well as those in which 
a more caudal unit of cord was substituted for the normal limb 
level; the size, volume, and cellular relations throughout this level 
remained constant (the rostral portions undergoing a greater 
degree of differentiation than the caudal), and it became of further 
interest to determine whether or not this same relation would 
persist if the limb level of the cord were reversed. The mainte- 
nance of normal developmental relations under these conditions 
would thus serve as another corroborative point of evidence 
favoring the view that the extent of differentiation of the primary 
brachial motor neurones within a given segment is determined 
primarily by the number of longitudinal fibers normally ter- 
minating at that level. 


EXPEHIMKNTAE 

Embryos in two stages of development were employed in tlie 
experiments, viz.; those with completely closed neural folds 
(stage 21 to 23), an{l those with a prominent tail-bud (stage 29 
to 30). Transverse incisions were made across the spinal cord at 
the levels corresponding to the notches between the second and 
third, and the fifth and sixth somites. Two para medial longi- 
tudinal incision.s were then made between the spinal cord and 
the somites, care being taken to include as little of the somites 
as possible. The sectioned unit of cord was then carefully freed 
from the underlying notocord, which was left undisturbed, and 
reversed end for end in the same animal. Following the opera- 
tion, the embryos were kept at loT’. for several days, after wdiich 
they were allowed to develop at room temperature. 
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The effects of the reversal upon the general development of the 
embryo, the developing swimming reactions, and the functional 
behavior of the limbs are summarized in table 1. Although the 
number of positive experiments is small, they are sufficient to 
indicate that a greater percentage of normal results were obtained 
when the younger embryos were used for the operation. This 
was also found to be true in the experiments, recently reported, 
in which the anterior limb level of the cord was excised and 
replaced by a more caudal unit of cord. 


Shounn^ the ejfeet^ uj reeersifuj the (interior limb level of the spinal cord (thirds fourth, 
und fifth spirtdl i>etj7ni‘nts) 
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^ .\11 four cases tiled prior to period when limb reactions be^in. 


\Vieman ('22), who used corresiionding ages in his neural tube 
transplantation experiments, claims that lordosis is apt to be 
more marked when the earlier stages :ire employed. He also 
suggests that kyt)hosis is more prevalent in those eases in which 
the notocord was left intact and that in those cases where it was 
transplanted with the neural tulie, kyphosis was slight or even 
absent. In my own spinal (‘ord experiments ibotli transplanta- 
tion and reversal), kyphosis was found to increase with the age 
of the emliryo at the lime (jf the ojieration [2'^. table 1: and 
table 1 of this j)aper). It thus seems doubtful from my own 
observations that this abnormal posture, which many embryos 
a.'^sumc in later development can bo referable to the notoeord. 
It Would seem thtit subseipient abnormal postures of the embryos 
should more likely follow in those cases in which the notocord 



298 


S. R. DETWILER 


had been sectioned rather than in those in which it has been 
undisturbed. Even in the limb transplantation experiments, 
in which no damage has been done either to the neural tube or 
the notocord, a certain percentage of the larvae develop kyphosis. 

Wieman (op. cit.) thinks that lordosis which he found to be 
more prevalent when using young stages, results from contrac- 
tion ace company in g closure of the wound. In my own experi- 
ments, though only a very few individuals developed thi.s 
condition, it did not api)ear until seven to eight days after the 
operation whereas the initial reactions began approximately four 
days after this period. In all of the eases the wound was well 
healed over and the animal had assumed an absolutely normal 
posture for several days prior to the onset of the defect. The 
fact that both kyphosis and lordosis have developed in embryos 
used exclusively for limb transplantation work, suggests that the 
causative factors underlying these curvatures are not as yet clear. 

Twenty per cent of the cases (three in fifteen) with reversed 
spinal cords developed scoliosis (table \). In two eases, the 
lateral abnormal curvature did not appear until twenty days 
after the operation and was preceded l>y kyphosis. These 
abnormal individuals were not fixed until api)roxiiuately fifty 
days after the operation, and only one has l)een studied in sect ion 
(case RcvSc 11). Although the sections do not reveal the cause 
of the curvatitre, they do show that the spinal cord and the nerve 
roots are normally developed and that there is perfect continuity 
of the notocord and vertebral column. These later, however, 
are markedly deflected from the median longitudinal axis. From 
the medulla caudal to the level of the sixth segmental nerves, this 
curvature is towards the right (fig. 13). From this region caudal 
to almost the posterior limb level, the deflection is towards the 
left (fig. 14). It was at first thought that the lateral curvature 
might result from not reimplanting the reversed piece in absolute 
alignment with the inact portions of the cord, yet this is un- 
doubtedly not the ease, for in Wieman’s experiments (o]i. cit.) 
the sectioned piece of cord was reimplanted perpendicular to the 
original axis, yet apparently scoliosis did not result as a distinct 
abnormality in his experiments. The scoliotic condition which 
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resulted from these experiments may be the result of injury 
inflicted upon the sclerotome by the operation though in the 
exiieriments in \shich the limb level was excised and replaced 
by a strange unit (jf cord, the embryos were subjected to the 
same type of injury and yet no cases of scoliosis resulted. 

Since it was desired t(j kee]) the operated larvae for a 
considerable time in order to study the reactions of the limbs, no 
sections wore made of end)ryos during the period of wound healing 
and the early reaction stage. The steps involved in healing and 
the method of reunion ot a sectioned unit of cord with the intact 
portions under the conditioiis of complete end to end reversal 
and 90° rotation on the longitinlinal axis, have been described and 
discussed by Hooker (’lb, ’17 i and by Wieinan (' 22 ), One of 
tlic outstanding observations in Hooker’s reversal experiments 
was the marked tendency for the developing nerve fibers (both 
sens»)]*y and motor) to avoid entering the wound surfaces opposite 
them. According to him, it was this avoidance of the opposite 
wound surfaces chiefly on the jiart of the sensory fibers whicli 
caused the failure of so many of the embryos with ‘primarily’ 
uiifused wounds to reestablish continuity of the cord, and indeed 
to li^'e. 

From Ills experimcuits in which a unit of cord was rotated 
through 9(F on its longitudinal axis. Wieman mp. cit.) found 
that union lietween the (‘audal end of tlie cephalic stimi]> and the 
original cejdiaiic end of the rotated portion readily takes place 
liy motor libers growing caudally into the rotated piece. The 
cephalic end of the caudal stump, however, makes no attempt to 
unite with tlie caudal end of the rotated ]uece until motor con- 
nections ce]dialo-caudatl tlirougli the rotated piece with the 
caudal slump is cslablislunl. (bice the stumps liave been bridged 
by descending fibers, all semblance of ‘repulsion’ disappears, and 
the way is prejiared for ascending sensory tracts to develop. 
\\'ieman (o)). cit.. p. 1S2) is of tlie opinion that complete fusion 
of the grafts with the intact stumps docs not occur until nerve 
fillers develop, as evidenced by the fact that in his ‘(V series, 
whi(‘h were o])erated ipion just before the onset of reactions, the 
connections lietween tlu' transjilant and the intact stumps de- 
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veloped in a much shorter time than in those which had been 
operated upon in earlier stages. He also claims that, when the 
rotated unit of cord was taken from a more caudal level (region 
of the fifth and sixth somites), the restoration of nervous con- 
tinuity through the sectioned piece could not be demonstrated 
during the first thirty days, and he concludes that the nearer the 
brain the transplantation is made, the better are the chances for 
connection to be established. 

In my own transplantation experiments (both tliose in which 
the anterior limb level was reversed, and those in which this same 
level was excised and replaced by a more caudal unit of cord), 
the greater percentage of cases which exhibited perfect initial 
responses to tactile stimulation were those which had been 
operated upon when in the earlier stages. In the larvae with 
composite spinal cords, ")3 per cent of those which were operated 
upon in the tail-bud stages exhibited imperfect reactions, whereas 
all surviving cases which were f)perated upon just after the 
closure of the neural folds, passed through the developing reaction 
stage without showing the least signs of any defective reactions 
resulting from incomplete union. In the sj)inal cord reversal 
experiments only 33 per cent of tliosc operated upon in the earlier 
stages showed imperfect reactions to stimulallon, whereas all 
those operated upon in the tail-bud stage gave defective reactions. 
These results indicate that perfect anatomical and functional 
union take place much more readily when the younger stages are 
employed in the operation. In all tliesc experimetds the involved 
level of the cord included the third, fourth and fifth segments a 
level only slightly more rostral than that userl in \Meman’s 
so-called T' series in which he found that continuity througii 
the sectioned piece did not take i)lacc within the first thirty days, 
yet in my own experiments initial reactions l;egan approximately 
six days after the operation. In the majority of cases these 
developed normally, and perfect serpentine swimming reflexes 
were executed long before the period when limb reactions began 
(from seventeen to twenty days). From this it would appear 
that union of the sectioned piece with the intact stumps is not 
necessarily dependent upon the caudal growth of fibers from the 
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cephalic through tlie sectioned piece, but that in the cases where 
the young embryos are employed, complete healing per primam 
intentioneni ensues. Hooker f’lo, ’] 7 ) showed that this was the 
case in his exj)eriinents on the frog embryos, and that only in 
those cases where the ;\ ()und surfaces were separated did develop- 
ment of the nerve tracts play an important role in bringing about 
union between the sectioned piece and the intact stumps. The 
development of the nerve fibers from tlie cephalic stump through 
the sectioned piece of cord ina)' ha^'e been the method whereby 
union was elTected in Wieniairs experiments since in all of his 
experiments the rotated unit of cord carried with it some muscle 
blastema and the deveh)ping muscle thus formed a non-nervous 
block between tlie rotated unit of the cord and the intact slumps. 
This metlmd of heading, as he (diserved, (“orresponds to that which 
Hooker (op. cit.) observed in his cases where the reversed piece 
was secondarily sepamted from the intact stumps and a gap was 
formed. Howe\'er. in end to end re\'erstil or in uniting composite 
cords, initial union of the sectioned ])iece with the intact stum])s 
ctin and does take jilace without the inter\ention of developing 
neiA'e fibers j)ro\'id(al the siirfai'cs are closely opposed and the 
operation is done well in advance of the period when the primary 
reflex meclianism is de\‘elo]ied. 

HKACTIOXS OF F.ARLV KMHKVos To TAITILK STHtULATIOX 

Although the developing reflexes in tliese expeibnents were not 
studied as earefully as in the animals with eomiiosite cords, it is 
seen from ttible I that the giTiiter ]iercentage of animals with 
jierfect initial resiionses were th()>e which had been operated 
upon when in the early stages. Wlum the operation was I'ler- 
formed on embryos just ]ir;oi' to tlu‘ stage when reactions begin 
(stag(‘ 'JM to 3()K the four embryos of this scries showed im])erfcct 
rea<‘tions. Xonc of these cases showed any improvement and 
all died before the expiration of the tenth day. Of those which 
were operated upon just after (‘oniplete fusion of the neural folds. 
fi\e cas(*s exhiliited imperfect initial responses to tactile stimu- 
lation Ttible I), d'liese iinpro\ed and later developed normal 
ser)ientine swimming reflexes. 
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The diameter of the defect in those with imperfect reactions 
was. in the main, the same as that observed in embryos with 
composite cords (Detwiler, op. cit.). Imperfect conduction 
through the reversed piece, both caudo-cejihalad and cephalo- 
caudad was evidenced, although the ascending sensory conduction 
on the whole showed more improvement than ilesce tiding motor 
conduction, which, in a few cases remained perceptibly impaired 
up to the time of death of the embryo. Jii those which survived, 
perfect conduction in both directions was attained. The more 
general extensive impairment of the motor conduction over tiie 
sensory, which a few cases showed, was attributed chiefly to a 
more extensive injury iiillicted upon the ventral portion of the 
cord during the operation — siiu'o the manipulation in freeing 
the cord from the underlying notocord (wliu’li was left intact) 
frequently resulted in considerable damage to the floor of tlic 
neural tube. 

lUCACTioxs OK THE ra.\[ns 

From an exaniination of table 1 ( Ah it is seen that in all of th(^ 
positive cases, the limb reactions were normall>' executed. ]-!veii 
in those which developed tlio various a})nonmil ])ostures ami in 
which swimming rejictions were later impiiired by these mirva- 
til res, tlic limbs showed no defects in fumAion. it sin mid lie 
noted in table 1 that the five cases with imperfeet initial t<iial 
responses do not correspond to the five eases with various spinal 
curvatures, for in all cases this latter defeat did not ap])ear until 
after the initial swiimsdng reflexes had be(‘n deveinped. 1'he 
method of testing the liml) reflexes and the criteria enqiloyml in 
establishing the category biormal fund ion’ was the sann* a> 
previously used ( Detwiler, ’20 I), nj). 131 I32). 

Five of the animals iiu^hiding one ease with marked scoIio^i' 
were secti<me(l and a study was made of tiie brachial nerves ami 
tlic limb level of the coni. The s(a*tioMs were eut transveix'ly 
at 10/i and were stained with Khrlicirs haematoxylin ami 
erytlirosin. 
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DESCRII^TIOX OF CASES 

Case ReSc 1, 1 his ease was operated upon when in stage 28. 

Wound healing was rapid and the developing reflexes proceeded 
normally. Limb movements appeared twenty-live days after 
the operation. Ihis ijidividual, both as regards external appear- 
ances and behavior, could not be distinguished from a normal 
animal. It was photographed fifty-three days after the operation 
just prior to its lixation. Tlie photograph is seen in figure 15. 

The internal lindings in this case were exactly as in a normal 
animtd both as regards the distribution and f>eri|)hera] connec- 
tions of the nerves as well as the degree of development of the 
spinal segments contributing these nerves. 

As has been stated above, under normal conditions of develop- 
ment, the limi) muscles and tliose connecting the shoulder girdle 
with the liml). are supplied by a plexus derived from the third, 
fourth and lifth sjiinal segments, ruder the conditions of the 
experiment, th(‘ tiftli spinal segment occupies tlie region of the 
original third whereas the tluial occupies that of the original 
fifth. Tlie fourth remains constant. The source the nerves 
to the various shoulder-limb muscles under normal and experi- 
mental conditions is gi\ en in table 2. From this we see that the 
intenLanged fifth ami tliiril segments are carrying out, respec- 
ti^'ely, the fuiu'tionsof the normal third tuui fifth. Under normal 
conditions of d(‘velo]unent. the \’entral ramus of the fifth ner\'e 
is considerably smaller than that of the third, wliereas under the 
experimental conditions tlu^ ventral ramus of the third 'reversed 
lift If) shows the typical increase in size over the tiftli reversed 
third). An idea of i-elative of the normal third, fourth 
and tiftli segments of the cord can be obtained from figures 1, 2, 
and 8 wiii(L represiuit typical sections jiassing througli these 
resjH'ctn'e levels, and .also in the models sliowu in figures 17. IS. 
ami It), 'riio'^e size' relations are always constant tlie third 
segment being larger than the fourtli, and the latter in turn 
larger tliaii the lift li. ’fiie size relations of these segments under 
the experi mental conditions in (his case are shown iu figures 
■I, 5, and (> tcf. figs. 1, 2, 8) and in figures 2d, 21 and 22 i^cf. figs. 
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17, 18, and 19). These are seen to compare favorably with the 
normal. The third segment (reversed fifth) is larger than tlio 
fourth, and the latter is larger than the fifth (reversed third k 
T he extent of cellular differentiation within the cord and the 
spinal ganglia at these levels, under the normal and the experi- 
mental conditions, is shown in tables 3 and 4, respectively. 



FigH. 1,2, and 3 Tvpicnl tr:insvorsp sort ions of tlir* spinal rord nt fho lovrlj^ id 
the third, hjiirth, arid fifth nerves, respe(‘tivelv ( first, sfM’ond and third hrarhial 
nerves), in a normal Amldystf>rna larva of (>8 days ' .VSt '. X IW. 

Figs. 4, a, and 0 Typical transverse srrtions of the spinal er)r<l at the levels of 
the third, fourth, and fifth nerve, s, re>iK‘ctiveIv ((Irst, serond and tldrd hraehial 
nerves), in operative case ReSc t. Lind) level of t Ite spinal cord (f bird, fourt)» and 
fifth scgrnent.s) reversed. .Vnirnal preserved o3 day.s after operation, X 
(Cf. figH. I, 2, and 3.) 
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It is seen from these tables that the degree of development in 
these reversed interchanged segments closely approximates tlic 
normal conditions both as regards cellular differentiation and 
size. That the motor cellular differentiation within these seg- 
ments of the cord is not markedly affected by tlie presence or 
absence of the appendage is seen in table 3. With this evideiu'c 
known, it is seen that the increased development within tlie lifth 
segment when substituted for the third, and the decreased 
development of the third when substituted for the fifth, is not a 
factor of their respective muscular detnands. The similarity in 
the gradient of differentiation within the limb level of the cord 
under the normal and the three different experimental conditions 
(table 3) is significant of the existence of a stimulus other than 
peripheral functional demands which is priiiiary in bringing 
about cellular proliferation. 

The extent of sensory development, however, which has pre- 
viously been shown to be secondary to the peripheral functional 
demands (J^etwiler, ’20 a, *23) does not follow as consistently 
the same gradient of differentiation within this level as is mani- 
fested by differentiation within the cord. Although normally 
there are tdways more cells in the third than in the fourtli s]>inal 
ganglion, yet in table 4 wc note that two ctises under different 
experhnental conditions sln^w a greater differentiation in tlic 
fourth than in tlie third ganglion (cases TrSc 137 and IleSc 1 
A corresponding cellular ratio within the cord in these cases was 
not found. 

Cus*c RfSc 10. The operation was ])erformpd upon tlie embryo 
in stage 23. Initial reactioiis to tactile stimulation began after 
five days. These were normal in cliaracter. One day later, 
when the embryo was in the ‘S’ reaction stage, slight kyjdiosis 
was noted. This increased soim^what hjr several days and the 
animal remained kyphotic up urUil the period when the liml)s 
began to function (twenty days after the o])eration). Tlic 
animal then gradually assumed normal posture. Throughout thi" 
latter period the swimming and limb react ions wore norinal. The 
animal was preserved fifty- three days after the o))eration. 
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The microscopic fiiidiiigs in this case were in all essentials, the 
same as in case lle.Sc 1 described abo\'e. The brachial plexus 
was nonnal as was the intrinsic distribution of its branches, the 
muscular connections of which are showii in table 2. In figures 



Fii^s. 7, S, and H 'I'yiiical t f^riMions df (hr s^jiinal coni i\\ the lovrl? of 

tho third, fourth. :ind lifili luovrs. rr.'^pt'ct ivrly 'lirst, srrond thinl Frachiril 
norvrs) iiM>jHT:il i\'r ciisi.* RrSi’ i>. Liniblrvrlof thr spiiiiU conl ithirih fourtli, :ind 
fiftli i^rKiiiruls ■ rrvrrsrtl. Animal prrsrrvrd ^l;^ys af((‘r tljr tt[>era(ion. X 100. 
O'f. li^s. I. 2. ami 3.; 

Fijis. 10, II, ami IJ Typirah ransver.<r sort ions of (ho spinal cord at the levels 
(d t)m third, fourth, and lifth norvo.^ rospoctivoly tirst. sooond. and third 
iiraohial norvo.s n in o{)oraiivo case lioSc I(h l.iinh lo\a'lof tlu' spina! corvl ubird, 
fourth, and hftli .sr^monts! r<'v<'rsed. Anini.al prosorvod 53 days alter operation. 
X KXh O’f, lil^s. I. J. ami 3.' 

Tin: Joi'RNti. nr hm huvi \t\L /oOmkjv, ' ot. .S, vo J 
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10, 11, and 12 are shown the comparative sizes of typical sections 
taken respectively from the third, fourth and fifth nerve levels 
of the cord (cf. figs. 1 , 2, and 3) . The models of segments are shown 
in figs. 23, 24, and 25 (cf. figs. 17, 18, and 19). In tables 3 anil 










Fig. 13 Transverse section of flor»li()tic case IloSc H at fKo level of tliefifili 
spinal nerve, showing right lateral tlispUcenient of the verteliral axis ami asym- 
metrical development of the dtjrsal trunk musculattinv .Vniinnl preserve*! 'd 
days after operation. X 23, 

4 is shown the extent of rellnlar differentiation within tlic cord 
through the limb level as well as that in the corresponding ganglia. 
The cellular ratios between the third and fifth nerve levels of tlic 
cord under the experimental conditions are seen to correspond 
closely with the normal. 
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Cases ReSc 6 and Vi, Although the findings in these cases are 
not recorded as fully as those above described, the microscopic 
examination showed an adjustment on the part of the reversed 
limb level in all essentials the same as in the other cases. The 



Fi^. M 'rijuisvcrso wM tinn i.f sroliolir KoSc 11 :U the level of the ninth 
spinal norve. .shuwin.c left lateral ili.splaceTnnit nf the vertebral axis and asym- 
MH'trieal dev(‘loj>ment ol tlte dorsal trunk nuisculature. X -■>, 


relative size ttf the sections taken from the tliirtl. tourth and fifth 
ner\'c lc\'els in rase HeSc (i are sliown in figures * , 8. and 9 tig^- 
1, 2, and 3). 'flie braciiial plexus in both cases was normal and 
the terminal branches supplied the muscles in normal manner 
(tabic 2), In (liese cases the swimming and limb reflexes de- 



312 


S. K. DETWILEU 



Fig. 15 Photograph of living Bpccimcn of Amblystorna larva {case ReSc 1) 
taken 53 days after operation. Anterior limb level of the spinal cord (third, 
fourth, and fifth segments) reversed. X 2^. 

Fig. 16. Photograph of living specimen of Aniblystonia larva (case ReSc fi' 
taken 54 day.s after operation. Anterior limb level of the .spinal cord (third, 
fourth, and fifth segments) reversed. X 25 . 

Figs. 17, 18, and 10 Drawings of reconstruction models of the left halvo.s 
the third, fourth and fifth spinal segments, resi>ect ively, of the cord (brachial 
segments) in a normal Amblystoma larva of 6.S days (AS4). X fu. 

P'igs. 20, 21, and 22 Drawings of reconstruction models the left halves of 
the third, fourth and fifth spinal segment.s, re.si)ecl ively, of the cord (brachial 
segments) in operative case HeSc I. Limb level of the cord (third, fourth, and 
fifth segments) reverHe<]. Animal preserved 53 days after operation. X 6<5. 
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veloped nonnally. The larvae were fixed fifty-eight and fifty- 
four days, respectively, after the operation. Case ReSc 6 is 
shown in figure 10. 

EeSc 11. This individual, which was opemted upon when in 
stage 23, passed through the ^C-shaped’ and reaction stages 
without any evidence of defects either externally or internally. 
At about the period when the limbs began to function (twenty 
days after operation) a slight scoliosis was noted. This condition 
became quite marked and remained so up until the preservation 
of the animal (fifty-four days after operation). Although tliis 
condition interfered with proper swimming, the limb reactions 
were nonnal. 

Microscopic examination of this case showed a marked curva- 
ture of the vertebral column, the rostral portion of wliich was 
considerably deflected towards the right and the more caudal 
portion towards the left. In figures 13 and 14 are shown sections 
through the larva at the levels of the third and seventh segments, 
respectively. The spinal cord, although curving in corre- 
spondence with the vertebral column, showed no defects in 
development. There was complete union and the relative sizes 
of the various brachial segments correspond with the normal. 
4'lie brachial plexus and the distribution of its braiu'hes were also 
inji'inal (table 2). Tnan the study of the nervous system in this 
animal it is seen that the defective posture was not the result 
of any defects in the nervous system, and the condition rather 
j>oi]its to irreparable injury to the sclerottune during operative 
procedure. 


DISCU.'^SIOX 

In several series of foregoing experiments (l)etwiler, ’201), 
table 2, and ’22, table 2} considerable evidence was brought forlli 
which indicated a strikingly intimate (h'volopjnental relationship 
between the anterior limb of Am]>lystojna and its normal nerves. 
This was suggested l>y the apparent propensity on tiie ])art of 
the normal brachial nerves to supply the musculature of the liinl) 
and shoulder when the latter were transi)laiitcd sliort distances 
(from one to three segments) caudal or rostral to their normal 
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site. A lack of specificity in this relationhip was evidenced by 
those cases in which the limb was displaced at distances greater 
than the above mentioned, wherein it was found that other seg- 
mental nerves which normally supply an extraneous musculature 
became built up into plexuses for the supply of the limbs. It 
appeared significant, however, that caudally transplanted limbs, 
which did not receive their nerve supply from the normal limb 
region of the cord, were supplied from a higher level than that 
corresponding to the position occupied by the heterotopic limb. 
Of further significance was the observation that, when the normal 
limb rudiments were undisturbed and an additional anterior 
limb rudiment was transplanted a given number of segments 
caudal to the intact normal, the segmental nerves supplying this 
additional limb came from a level of the cord corresponding to the 
position occupied by the transplanted limb. This observation 
is in accord with those previously made by Brans ('05) and 
Harrison (’07) on Amiran forms. 

Although ill all these experiments it became obvious that the 
character of the intrinsic distribution of the nerves within the 
terminal systems (limb and shoulder) is dependent upon the 
primary mode of segregation of the developing structures within 
these systems and is thus the same in all cases, this observation 
suggested no clue as to tlie forces res])oiisiblc for the e;>tablish- 
ment of initial connections. 

From the results of the exj^erinients reported in this paper, we 
have further evidence suggesting that the apparent iemkncy for 
tlie normal limb nerves to supply tlieir proper end-organ, ^^]li(h 
was evident in the limb experiments, iloes not result irom any 
inherent predisjiosition on tiie part of a given brachial nerve f(»r 
its norrnal terminal nuisculatiirc, a possibility \\hich vas oiigi- 
nally considered. I nder the conditions ot the expciiinents, the 
reversed third and fifth segmental nerves take on respectively the 
functions of the original fifth and third, and in all cases the 
brachial plexus and its branclies are ot normal ehaiactei 
(tabic 2)- tims showing that any relationship which does exist 
between the outgrowing limb nerves and their normal developing 
end-organ is in no way to be eoiislderetl as reple^enting an\ 
speeifieity between muscle and nerve. 
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Although in the previous limb experiments no explanation was 
given for the peculiarity of the nerve supply, the results did 
suggest, however, that tlie apparent ^preference’ on the part of 
the limb nerves for their normal end systems when the latter 
occupied a heterotopic position, is no more than an exeinplifica* 
tion of the same forces which bring about pro])er peripheral 
selectivity under normal conditions of development. AVhetlier 
or not these forces are electro-chemical in nature as suggested by 
Kappers (’17, ’21) in accounting for selectivity within the central 
nervous system, still rejnains a difficult ])roblom. 

In an analysis of the develo])ing rctlex mechanisms in Amblys- 
toma as outlined by Herrick and C'oghill (;lo), Kappers ('21 1 
suggested that initial contra(*tinn of the myotonies sets free action 
currents already present in the longitudinal fibers of the central 
nervous system, as was evidenced by the fact that the primaiy’ 
motor root fibers originate as C( dial era Is from these longitiidinal 
tracts (Herrick and Cogliill, o]>. cit., fig. 3), and that only later 
are the neuroblasts, which lie next to such tracts, activated to 
develop axones that re]dace these collaterals and form tlie real 
motor roots, Kapjiers (op. cit.) suggested the probability that in 
embryos, the proliferation of muscle has the same intluence as 
functioning adult tissue and that this proliferating tissue nniy 
thus activate irradiations of the nerv<jns currents from the 
spinal cord. Bok (’17) has shown that the connection between 
certain muscles and sometimes widely distant pla(*es of the central 
nervous system, has to be exi)lained by the fa(*t that tlie com 
traction of a muscle (the formation f>f which precedes the for- 
mation of the nerve roots) exerts a trophic notion u]>on the central 
nerve fibers. 

It may well be that in embryonic cellular proliferation certain 
conditions (electro-chemical?) are attained in di tie rent perijiheral 
systems in sucli seciuencc as to attract axones from certain levels 
of the cord in preference to others in accordance with the syn- 
chronous hio-electric state existing in these levels. 1'hat tlie 
intimate developmental as.sociation, which was found to exist 
between the displaced liml) rudiments and the ru'rves coming 
from the normal limb levels of the cord, may be an expression 
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of some such relationship seems not impossible. Certainly the 
('ll a rue ter of connections in the present experiments are not 
explainable on mechanical grounds alone. 

Another p(unt of interest in connectiem with the spinal cord 
reversal ex]x*rinients as outlined in this paper pertains to the 
stimuli involved in bringing a])out the normal extent of cellular 
differentiation in tlie vavitjus segments of the cord. Tender 
normal conditions of development tliere occurs a gradually 
diminishing cellular proliferation as Ave proceed from the rostral 
to tlie caudal limits of the lirachial level (third, fourth and fifth 
segments). An index of the extent of cellular proliferation is 
shown in table 3. 

This gradient of dilTerentiatioin which characterizes the normal, 
has remaijied with rciriarkable constancy throughout various 
experiment td comfit if )ns. First of all, it was noted that, when a 
limb rudiment was excised, the extent of cellular proliferation 
ill tlie A'arious levels mi the limbless side of the cord was inappre- 
ciably alfected by the absence of the limb (table 3)- - thus sug- 
gesting tliat the extent of jiroliferation is not commensurate vith 
the functional demands of the terminal musculature. :^econdly. 
it was found tliat. when the limb level of the cord was excised and 
replaced by a more caudal unit of cord (seA'enth. eighth and 
nintli segments), the neiiroblasts in the grafted segments of the 
cord undergo increased jiroliferation which is approximately e(pial 
in extent to that whicli eharncterizes the normal brachial en- 
largement (Detwiler, ’23, tables 2 and 7). Thirdly, in the 
])respnt reversal experiments, it is seen (table 3) tliat when the 
fifth segment is substituted for the third, cellular hyperplasia 
takes phu'c in this segment so that the resultant degree of pro- 
iifenition is ajiiiroximately the same as in the normal tliird 
segment. Further, tlie tliird segment, which is interchanged 
with the fifth, fails to undergo its typical degree of development 
and attains only a measure of ditTerentiation characteristic of the 
normal fifth. 

From the constancy in the relative degree of differentiation 
within tlie various segments of the limb level under all the 
experimental conditions stated above, coiisidenible evidence has 
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thus accumulated to suggest that the degree of proliferation 
which is reached in these levels of the cord is comniensurute 
with the number of longitudinal conduction fibers normally 
terminating in these resj^ective levels for the coordinate control 
of the appendicular reflexes. This would be in accord witli 
Bok's (To) stimulogenous fibrillation concept a possibility 
wdiich has been previously suggested. It would thus appear that 
a greater number of these longitudinal fibers must tenniiiate at 
the rostral end of the anterior limb level than at the caudal 
end. According to this concept, there would ocaair increased 
irradiation of stimuli in a region where fibers from an activating 
bundle terminated, so that the extent of neuroblast dilTerentia- 
tion in such a region would be activated in a ratio proportionate 
to the number of longitudinal fibers ten lunating there. That 
there are more brachial correlation fibers ending at the rostral 
than at the caudal limits of the limb level has been secondarily 
suggested by the behavior of limbs trans]danted varying dis- 
tances caudal to their normal site, since it was found that the 
coordinate function of such limbs gradually decreased as their 
segmental nerve siii)ply became shifted towards the caudal limit 
of the normal brachial level and beyond ( Detwiler, ’201), tables 
] and 2). 

The question of the effect of reversal. of the limb level of tlic 
cord upon the polarity of the intercjdary neurones was not 
studied in these experiments. From the normal character ot 
the developing reflexes in the majority of the eases, it is to be 
judged that internal readjustment is much the same, if not 
identical, with that described by Hooker tT7) for frog embryos, 
viz., a maintenance of anatomical polarity i)ut a subse(piont 
reversal of functional polarity. 

SUMMARY 

1. Reversing the anterior limb level (third, fourth and fifth 
segments; of the spinal cord in Amblystoma enil)ryos has no 
effect upon the character of the developing responses to tactile 
stimulation other than that resulting from imperfect union 
in some cases. A greater percentage of normal results was 
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obtained when the operation was performed on embryos just 
after the complete fusion of the neural folds (stage 21 to 23) than 
when performed on embryos just prior to the period when initial 
reflexes begin (stage 29 to 30), table 1. 

2. The developing limb reflexes and their coordinate move- 
ments are not aiTeeted by reversing the limb level of the cord. 
In all cases which survived (table 1), the limb reactions were 
normal. 

3. Microscopic examination of sections of these larvae shows 
that the character of the brachial plexus and the intrinsic dis- 
tribution of its branches are identical with the normal. The 
interchanged tliird and fifth segmental nerves carry on, respec- 
tively, the funct ions of the normal fifth and third. The character 
of j)eripheral connections under these experimejital conditions 
strengthens a former interpretation, viz., that the apparent 
‘preference’ which tlio normal brachial nerves show for the limb 
when tlie latter is transidanted into a heterotopic position 
(Detwiler, ’22) is in no way an expression of any inherent speci- 
ficity existing ])e tween muscle and nerve. They further corrob- 
orate ])revioii.s obserN'ations (Braus, 'Oo: Harrison, ’07 and 
Detwiler, *20 b, ’22) : that regardless of tlm segmental innervation 
to the limb, the ijitrinsic distribution of nerves witliin the 
appendage Ls always the same and is evidently dependent upon 
the priniary iikkIc of arrangement of tlie other structures com- 
posing the limb. 

4. 'fhe results of these experiments, when viewed in connect ion 
with previous limb experiments strengtlien the view that initial 
connection of the outgrowing nerves with tlieir normal terminal 
systems cannot be exjdainod on mechanical grounds alone. Tt 
appears po.ssil>le that proper peripheral selectivity may be deter- 
mined by sojne such elect ro(‘heii deal mechanism as that sug- 
gested by Kappers (’17, ’21) to account for selectivity within 
the central nervous system. 

5. The extent of ('cllular proliferation within the various 
segmentvS of the limb level of the cord in nornial development is 
not main I ill lied in the ex]>erimeiital animals with reversed cords 
(table 3). The rinau'sed lifth segment undergoes cellular hyper- 
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plasia approximately equal in extent to that which characterizes 
the normal third segment, whereas in the reversed third segment, 
incomplete development follows and the degree of cellular dif- 
ferentiation approximates that which typifies the normal fifth 
segment (table 3). 

0. The above observations as to cellular proliferation, when 
viewed in the light of the limb experiments and former s])inal 
cord transplantation experiments suggest that the nonnal 
gradient of cellular dilTerentiation within the anterior limb level 
of the cord is commensurate with the number of longitiulintil 
correlation fibers normally ending in these various levels for the 
coordinate control of the limbs. 

7. More evidence has accumulated in these ex])eriments to 
indicate that the various segments of tiie cord are capalde 
of remarkable readjustment ami adaptation to experimental 
conditions. 
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ON THE LOCOMOTION OF THE LAR\'AE OF THE 
SLUG-:\IOTH.S (COCHLIDIIDAE) 

W. J. CKOZIKR 

2odI(f(/iral La^>ora(ori/f Ruhjers College 

The curious larvae of the slug-moths fCochlidiidaej or Lima- 
codidae) have an o):>vious resemblance to a naked rnollusk, not 
alone in shape but also because tljeir col(jration recalls vividly 
that of the smaller exotic nudil)ranchs. It is not so well known, 
however, tliat these caterjiillars demonstrate in their method 
of cree])ing an additional parallel to the gasteropods. Taking 
into account size, ])igmentati()n, external projections of the 
body wall, stinging organs, and type of locomotion, one finds 
a surprising eorresjiondenee of these two so far-removed groups. 

With chitons and with the majority of gasteropods pedal 
locomotion is accomplislioib ^Parker. 11; Olmsted, 17) by 
waves of neuro-muscular activity which rliythmically succeed 
one another ii])on the surface (d the foot. In the pedal pro- 
gression of sea-anemones (Parker. l/>. likewise in the creeping 
of polyclads {{' vo/acw MS; Olmsted, '22). and in the locomotion of 
some holothurians ' Parker, ‘21 n an entirely analogous mechanism 
has l)een observed. PiK'li ‘w.ave is constituted by a transverse 
area of tlie surtace hx'ally and momentarily withdra\\n 

from contact with the substratum. A\ithiu this lifted zone the 
longitudinal contraction or extension ro>]n)nsible for progression 
is effected. Tliese various instances ot )>rogressio}i by the aid 

‘ An umisu.'il melluhl of iniisFuhir [irusrrrsston. not iiivolvin.c tho of pedal 
waves. liMi lieenile^rrilH'd in XiMU'iihora A’roF.ier, ’l!0 ninl more recently in Si roin- 
I'us (Parker. these ari’ snail.s in wliieh i he )>eiiA] surlai'e ol the aniniril is small 
in proportion to tlie mass of the body and shell, and the free surlace of tlie fi'ot is 
hmnd in fact to aet mendy a.s an or^an n-r temporary attachment of the body when 
it i.sextendnl at the l^ejiinninn of a ‘.step,’ the 'slop' it self Ihmu^ executed by eon- 
truetion of th(> l)ody mnsrh's. 
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of \vave-like steps probably have it in common that each is 
referable to the activity of an organ in which a nerve-net, struc- 
turally interwoven in an intimate way with the tissues of a denno- 
muscular wall, may be inferred to play an important part. In 
this respect the creeping of larval Euclea and other slug-cater- 
pillars provides an instructive contrast. 

Caterpillars commonly commence creeping by a forward 
movement of the amd pro-legs, initiating a peristaltic Svavo’ 
of forward extension which runs to the anterior end. This 
movement may begin, however, at practically any level. It 
is seen to involve the whole of the tubular body-wall. Prf)-legs 
and legs are the organs of adherence and of progression, their 
successive release and advancement being coincident with and 
determined by the worni-like peristalsis of the body. Hut tlie 
slug-larvae have the legs and pro-legs much reduced, the latter 
indeed practically absent; so that their method of crawling has 
commoidy been described by stating that they appear to ‘slido,' 
or glide upon the flattened, flexible, ventral surface, the latti'r 
being closely applied to the object upon winch the lar\a is 
creeping (cf. Dyar and Morton, '9o); the statement also occurs 
that the larvae use “the entire under surface in walking.” 

The exact method of progression cannot be made out unless 
the larva be examined from beneath. Tlio vent rum is sulfi- 
ciently adhesive to permit the creature’s creeping upside <lown 
on a gla.ss plate. This attitude is not “unnatural,’ for it 
a usual one on the smooth-leaved trees (as ajjple, ])ear, cherry,^ 
which these caterpillars fre<iueiit. Examined in this way it 
is seen that the ordinary creeping is l)y means of snail-like pcd;il 
waves, which because they run from posterior to anterior may 
be tenned Mirect’ waves A les, ’07j. 

The full-grown larva of Euclea indetenninata (stages ^I^. 
\TII of Dyar, ’97,) i.s about 1.7 cm, in length. The abdominal 
creeping organ, which may be called tlie ‘fof>t,’ measuring 1.1 
cm. long by 2 mm. wide, is also the organ of adliesioii. It is 
flattened and sharjdy marked off from the lateral areas of tlie 
body. The thoracic legs are i)un 3 % reduced, and arc lield curlcii 
away from the substratum. On the abdominal segments 
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'suckers’ have been desciibed, possibly homologous \\'ith the 
otherwise vanished pro-legs (Chapman, ’94; cf. also Dyar, '98;. 
Seven of these sucking pads are functional in the larva of Euclea. 
In the undisturbed caterpillar attached to a glass plate the 
paired elevations formed l^y these suckers are discernible on 
each of seven abdominal segments; the suckers are confluent 
at the midline, so that each segment shows a dumb-bell area 
not in contact with the glass. When the larva is disturbed by 
touching it, these ‘sucker' areas disappear, the whole abdominal 
surface being pressed out in contact with the substratum. Since 
obvious sucker.s are lacking in some otlier genera of this family 
of larvae, I do not regjird them as especially significant for 
attachment. 

Adhesion is facilitated l)y tlie moist and sticky character of 
the surface of tlie ‘foot.’ To the surface of a leaf, or to glass, 
there must be pressed about one-third to one-half of tlie sur- 
face of the foot, in order that adhesion may be effected sufficient 
to support the weight t>f the animal; this nuuiinal area for at- 
tachment iiuiudes at least three pairs of the ‘suckers,' and is 
tlie relative projitulion of tlie foot-surface required for attach- 
ment in other larvae lacking tlie suckers. The stickiness of 
the foot is also made ])lain by tlie fact tiiat w hen a larva is creep- 
ing on glass tlie local retraction of the foot from this surface is 
distinctly audible. No one part of the foot is more adherent 
than the rest, and attachment to a new foreign surface may 
begin anywliere. 

The loconmtor waves occur one at a time upon the pedal 
surface; they are visiiile oidy on this surface, since they do not 
in any outwardly detectable way invijlvc tlie lateral or dorsal 
musculature. In active creeping a new* wave appears at the 
posterior end just as the ])remling one is vanishing at the an- 
terior limit of the abilomeii. A w:ivc is 1 mm. wide, and with 
each such step the larva advances 0.9 mm. The area of a wave 
is sharply elevateti from the substratum, in some cases the depth 
of the wave being 1 mm. or a little less. 

The ‘foot’ of the Sibiue stimulae caterpillar is similar to that 
of the preceding, but is morpliologically more extensive, for it 
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comprises not only the abdominal, but also the thoracic ventral 
surface. The true legs are small and weak, and are usually 
kept retmcted beneath the level of the foot; if the animal be 
turned over upon its four protecting dorsal protuberances, the 
legs may be seen somewhat extended. This larva is not quite 
so ready a creeper as that of Euclea. The surface of the foot, 
although not exhibiting segmental depressions, is adhesive to 
all common surfaces. The pedal waves are also similar in form, 
and in the fact that they appear one at a time. In both these 
species the ordinary pedal wave may begin at any abdominal 
level, just as is true of the peristalsis of ordinary caterpillars. 

Similar observations were nuule witli larvae of Sisy rosea 
textula and Phobetron pithecium; the last named is the Tnost 
active creei)er of the four studied. 

^^^len stimulated by a touch these larvae are not usually 
induced to creep, although a single pedal wave may appear. 
The chief utility of this wave seems to be that it ‘irons out’ 
the pedal surface into continuous contact with the substratum, 
thus giving the larva a firmer hold. The larva then gives a 
few slight jerky lateral swayings of the body, which clearly would 
be serviceable in dri\'ing home some of the iiumert)us urticant 
spines with which the dorsal and lateral tubercles are thickly 
beset. Patient watching is necessary for opportunities to study 
the natural creeping act. 

The average velocity of the pedal wave was found to he 3.S 
mju. per second with Kuclea, in Sil.iine 1.3 mm, per second, 
with rosea 1.42 mm. per second, and with Phobetron 1.6 mm, 
per second (at 23’C.). This \elocity is less than tluit of th(‘ 
peristaltic body movements of ordinary caterpillars, for which the 
averages of a number of det erminati(jiis upon some common 
specie.s are as follows: 


Antorneris it) 2.0 

vir^iriica 12.0 

.\(*rony(;ta .‘sp -10 

IleaiProcampa leurostigma I 


In several unidentified caterpillars of smaller size sf)eedsaslo\v 
as 1.7 or even 1.0 cm. per se(‘ond were ol)scrved. but still much 
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greater than that measured in the case of the pedal wave of 
the slug-caterpillars. The latter, in fact, corresponds almost 
exactly with the speed of the pedal wave in Chiton tuberculatus 
(Arey and Crozier, T9) and is therefore in this respect more 
comparable to the neuromuscular activity of the molluskan 
foot than to the peristalsis of the body in the earthworms or in 
other caterpillars. The point is of interest because it demon- 
strates the imi)ossil:)ility of distinguishing a condition of nerve- 
net conduction from one of conduction via a neuronic chain, 
on the basis of their speeds alone. The velocity of the ‘pedal’ 
wave in the caterpillars, although greater than that upon the 
basal disc of sea anemones (Parker, T7 a) agrees rather closely 
witli that of the nerve-net conducted wave in Leptoplana (10 
mm. per sec.; (‘rozier, ’18), Chiton (2.2 mm. per sec.: Arey 
and Crozier, ’19). Helix [1.3 mm. per sec.: Parker, Tl), Synap- 
tula (3 mm. per sec.: Olmsted. T7b), for example, and even 
witli the perhaps myogenic pens! alt ic waves upon the colonial 
body of the sea-pen Kenilla (1.2 min. per sec.; Parker, '20). 
Nevertheless there is every reason to suppose that a truly nerve 
chain comluction governs the progress of the pedal wave in the 
slug-cateriiillars ({*f. (Tozier, *22a,b!. 

In one particular the foot of these larvae differs from that of 
a (T)iton <»r snail the direction of tlie locomotor wave may be 
reversed. Hy stimulating the anterior end of a larva rather 
sharply, one or several waves may be started at this end, which 
will one at a time run posteriorly with about tlie speed of the 
usual direct w'ave or a little faster.* In C hiton reversal of creep- 

* At thr ciuirlusion of the l;\rv!i! porioil caterpillars form a thin brown 

cocoon within whicli they hil>rrn:ite. without pupation, until spring. A true 
ae.stivation is probably evidenced in the f.aet that larvae removed from cocoons 
creep much more slowly than before. Hie s|X'ed of the direct poilal \ia\c in the 
larvae t)f Kuelea removed from cocoons after three to six days was S.l min. per 
seeond. ami of the retrograde wave b.O inm. |H^r second. With Sisy rosea the 
normal velocity of the retrograde wave was 1.04 mm. ix^r seeond, and in Thobetron 
[1.43 mm. iwr second -in ea(di ease much higher than that of the direct wave. 
Uevcrsal of the ixnial wave may lake place bef>ire the wave lias run completely 
from one end of the body to the other, and tliis frequently is the fate of induced 
retrograde waves whicli havo run lialf the length of the creeping surface. 
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ing is not accomplished by reversing the direction of the pedal 
\va\'e. 

Turning to one side is accomplished almost exactly as in a 
Chiton, the posterior end of the larva's body being swung to 
one side as the pedal wave is initiated while the anterior end is 
similarly swung to the other side wlien it is lifted by the termi- 
nation of the wave. About six waves or more are necessary for 
a semicircular turn. In Sisyrosea there may be induced Svaves’ 
of the usual type, but which in one movement run from one side 
of the foot to the other; these also are employed in turning. 

The theory of locomotion by means of pedal waves rerpiires 
(Parker, Tl) that the surface of the wave itself move forward 
(or backward, in the case of reversed creeping) while this })art 
of the pedal area is removed from conttict with the substratum. 
This is very clearly the case in the slug-caterpillars. The ac- 
tion of the ventral muscle-bands is visible through the translu- 
cent skin (under the binocular microscope), and in forward 
creeping it can be seen that in the posterior part of the lifted 
wave lateral constriction is correlated with longitudinal exten- 
sion in the immediately anterior zone. In backward creeping, 
the order is reversed. The peristaltic pedal wave is therehjre 
to be regarded as a derivative of the general peristalsis of ordi- 
nary caterpillars, and as in the ‘myenteric reflex' of the verte- 
brate intestine it implies reeiproeal innervation. 

SL'.MMAUV 

Caterpillars of four genera of the slug-moths, lacking pro- 
legs and having the thoracic legs much re<hice(l, are found to 
creep by mcan.s of waves of muscular activity whicli course 
from posterior to anterior end of the flattened, adhesive, ventral 
surface. These direct, mount axic waves are similar in many 
respects to those upon the pedal surfaces of actinians, |)Iaty- 
helminthes, chitons, and gasterojmds, altliough the nervous 
structures inv'olved in the locomotion of the cater])illars by this 
peculiarly modified peristalsis are probably ([uite difTercnt. 
Keversal of locomotion involves reversal of direction of the 
pedal wave, and is rather difficult to iiiduee, despite the fact 
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that the velocity of the pedal wave when running from anterior 
to posterior is distinctly greater than that of the direct wave. 
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FIVE FIGURES 


IN"l'RODi;CTIOX 

In the course of :tii invest ion of the factors concerned in 
dctenninin^i; head formation in pieces of Planaria dorotocephala 
regenerating in non-leilial solutions of certain anesthetics, it was 
necessary to record tlie oxygen consumption and weights of the 
pieces, both in dilute anesthetics and in water, at intervals over 
periods of time varying in ditYerent experiments from twenty- 
four hours to two weeks. For purposes of com])arison of animals 
and pieces of ditYerent physiological condition, the results were 
calculated on the l)asis of tiie amo\int of oxygen consumed 
during a standard jieriod of time, two hours, per milligram. The 
clnmges in oxygen consumption per two hours per milligram, in 
relation to weight changes, when compared with controls, show 
some dilTerences during ex])osure to ditYerent anesthetics. Ihc 
ji resent paper const ilutes a record of observations and data 
obtaiuc<l in these exiieriments and hrielly summarized elsewhere 
(Huchanan, '22(1), together with data obtained in subse<|ueut 
work on intact animals starving under similar conditions, under- 
taken with the object of extending the investigation. This 
species is no longer available to tlie writer in numbers suflicient 
to penuit further studies of this nature. 

;;;u 
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TllK UHOBLE.M 

Although disagreement as to the nature of the action of 
anesthetics prevails, inucli evidence has accumulated to sIkav 
that dilute concentrations of many anesthetics in some way 
stimulate tlie activity of organisms, the stimulation being nianb 
tested by increased motor activity, increase in rate of growth, 
increased irritability, and in other ways. (For instances of suclj 
observations see Czapek, A3, p. 143; R. S. Lillie, '15; \\ interstein, 
A9, p. 17.) Ill fact, agreement is general that, while relatively 
high concentrations inhibit, low concentrations stimulate such 
processes, for a time at least. Considerable evidence has also 
been advanced to show that low concentrations of many anes- 
thetics induce increases in respiratory rate in both plant and 
animal tissues. The evidence varies greatly in detail, however, 
and, so far as the writer has been able to lind, the data do not 
contain evidence of changes in weight during the period of 
increased respiratoiw activity. 

Elfving (‘S6) showed that atmospfieres both of ether and of 
chlorofonn increast'd the total earlion dioxide ])n)duclion nf 
Salix leaves over periods of fifteen to twenty-hjur hours. Similar 
concentratious had similar elYeets on Pisum seeds. His data do 
not show possible fluctuations during the ])eriod of exposure. 
He regards the increase of carbon dioxide oiitjuit as not resulting 
from the oxidation of the ether and chloroform. Kolinski 
(’02) found that the carbon dioxide production of As])ergil]ijs 
niger increased gradually for a number tjf hours in environments 
of 0.2 per cent and 0.25 per cent ether, but he gives no data on 
possible changes in the organism, (lerber i‘02) found respiration 
in the Banana increased, over twenty-foiu' hour j^eriods, l)y ether 
vapor. Zaleski (*04) found that certain concentrations of ethyl 
alcohol increased the carbon dioxide production of the bulb of 
Gladiolus, but that it decreased during the later period of expo- 
sure. It was shown by Baer and Meyerstein (AOj that the 
formation of acetone by oxidation of oxybutyric acid in the per- 
fused liver of the dog was increased by trichlorothyl alcohol and 
other substances. Their data show considerable variaticnis; the 
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agents were applied for very brief periods, and the results prob- 
ably represent initial effects only. They record that Lussana 
and Roli found that ether increased the carbon dioxide produc- 
tion of li^'er and nuiscle tissue, while chloroform and chloral 
hydrate depressed it. 

Irving ('ll) in a study of the effects of chloroform on the 
carbon dioxide production in barley shoots and laurel leaves, 
found that continuous treatment with a small <piantity of chloro- 
form ^'apoi'izctl in an air current induced an increase in carbon 
dioxide jiroductio]! which was maintained tliroughout the period 
of exposure 'eighteen hoiirsi. Her exiteriments appear to have 
l)een v(a*y caret ulh' controlled, but deal najrc particularly with 
the elb’Cts of stroiigca’ solutions. Wiamn '^T2i found, that the 
respiration of the ])erfu<(Ml kidney was increased by the addition 
of certain weak s(»hilions of alcohol. W interstein (T4] showed 
that respiration in the s])inal coi'd of the frog was increased 
(luring alcolnd narcosis. Bf)th \'ernon and Winterstein em- 
ployed periods of exposure limited to several hours, and their 
data do not in any way show the ])ossible effects rd’ the increased 
respiratory rate ujton the weight of living substance. Tashiro 
and Adams (T4} found that earbtm dioxide production of the 
claw nerve of the Spi«ier crab inc leased after short exposure to 
0.4 per cent chloral hydrate. They record no change in weight. 
A fifty per cent gain in weight is noted after like exposure to a 
completely narcotizing solution .4 ])er cent i. Irwin ( TO) showed 
that high enneentrations of ether increased The carbon dioxide 
production and oxygen oi'nisumption of the petals of salvia. Her 
data probably reiiresent only the initial efYects of lethal solutions, 
since the maximum exjitc'^uiv was but thirty-tive minutes and the 
concentrations emi)loyed were relati\Tly strong. Medes and 
-McClendon ( '20 1 showed that the oxygen C(msum])tion and carbon 
dioxide production of lAodea was increased over twenty-four 
hour jteriods by 3 jier cent alcohol. 1.") ))er cent ether, 0.0<3 per cent 
chloroform, and 0.05 per cent ehloretone. They record some 
diffusion uf chlorides in these solutions, and also sliglit decreases 
in size of the ehIoro])lastids. Recently J iodine r22) found that 
small doses of certain anesthetics induced increased carbon diox- 
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ide production in grasshoppers, but notes that the higher rate was 
not maintained throughout the duration of exposure (eighty 
minutes). 

This list is by no means complete but serves to show that 
increase in respiratory rate is a common result of the application 
of dilute solutions of many anesthetics to the most varied sorts 
of plant and animal tissues. The duration of the period of expo- 
sure to the anesthetics has been limited in most cases to twenty- 
four hours or less, and the possible effect of the increased respira- 
tory activity on the weight of the tissue has not been intensively 
considered. 

It is true that changes in weight do not always indicate changes 
in the mass of living substrate. Increase in weight by imbibition 
of water during early stages of embryos is a well-known phenom- 
enon. Furthermore, Moore and Herdman (T4) showed that 
the live weight of a lobster actually increase<I during seven 
months’ starvation. This is certainly not true of the weight 
during starvation in Planaria dorotocephala, as extensive work 
by Child (T9 a, and other papers) and Hyman (T9 b) has sliown. 
The animals undergo progressive decrease in weight which is in 
general correlated with decrease in size, and inibi[)ition of water 
is of minor importance as regards weight changes (see also Ilcr- 
ninger, Tl). The conditions, so far as weight is concerned, 
are essentially the same during the regeneration of pieces; ns 
regeneration proceeds and the new individuals are reconstituted, 
the weight decreases (cf. H\inan, T9 c, pp. 70 to 7o, col. 3) 
This decrease in weight in planaria during starvation or regenem- 
tion may be regarded as due, 1) to utilization of food in the 
alimentary tract during the early stages; 2) to utilization of rc- 
serv'cs of materials in the ti.ssues; 3} ultimately, to consumptifui of 
the protoplasm. The present paper presents data which are of 
interest in connection with the following questions: 1) Does flic 
weight decrea.se more rapidly during the increase of respiratmy 
rate induced by e.xposure to dilute anesthetics? 2 } .Are the 
conditions similar for several anesthetics? 3) If the exposure 
is continued, does the increased respiratory rate remain constant 
or does it continue to increase or tend to return toward the nonnal? 
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materials and methods 

The experiments reported here are of two general types, a) 
those dealing with the oxygen consumption and decrease in 
weight of pieces of Planaria dorotocephala regenerating in dilute 
solutions of anesthetics, and, b) those dealing with the oxygen 
consumption and decrease in weight of intact animals under 
similar conditions. Since the results as regards changes in oxygen 
consumption and weight were of the same nature in both, they 
will be considered together. The following anesthetics were 
employed: ethyl alcohol, chlorofona, chloral hydrate, and, to 
a lesser extent, cliloretone and ether. Particular attention 
was given to the purity of tlie substances; the best grades ob- 
tainable were secured; tlio alcohol was double or triple distilled. 
The strength of the solution of each substance used was deter- 
mined by the vial)ilit y of tlie animals. Tlie maximum concentra- 
tions of these agents in whieh the animals will live for prolonged 
periods, varies with the physiological condition of the animals; 
young animals are more susceptiltle tlian old, and pieces greatly 
stimulated l)y section are more suseep tilde than pieces less stimu- 
lated. The solutions used were, therefore, concentrations in 
which the most susceptible animals or pieces lived without exter- 
nal evidence of injury. In general, with the exception of mol.l 10 
:dcohol, these concent rat irais were non-nareotizing. Intact an- 
imals were slightly more active in the anesthetic for a day or 
more, but after that jnaaod there was no appreciable difference 
in the behavior of the exjieriinental animals and their controls. 
In mol.i 10 alcohol the aiuimds were partially anesthetized for 
several days, but gradually recovered. 

The intact aiiinials. hfly or more, or the pieces immediately 
al((‘r section, were placed in a 500- cc. ludein never tlask tilled 
vvitli the apjiropriate solution of the anesthetic. At the same 
time a like number of animals, or of pieces, as nearly as possible 
of the same size and jdiysiological condition as the tirst set. were 
placed in anotlier 11 ask and llie llask tilled with water. Ihis 
second set served as the control. The maimer of cutting tlie 
pieces and of ol>taining data on oxygen eonsuinplion has been 
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described in some detail elsewhere (Buchanan, ’22 d) and need 
not be redescribetl here. The oxygen analyses were made by the 
Winkler method with slight modifications of the method as em- 
ployed by Birge and Juday (Tl), The titrations were carried 
out in the presence of the dilute anosthetics;however, any possible 
error thus introduced is of no importance, since it would occur in 
both the blank sample and that drawn from the flask containing 
the animals. 

After the oxygen analyses were made, the animals or pieces 
were weighed, .Vccuracy in weighing is obviously of primary im- 
portance; however, weighing li\ing planaria with accuracy and 
without injury presents a number of difficulties. Drying miisi 
be avoided, since partial drving and handling in the semi-dry 
state produce injuries that disturb the normal respiratory con- 
ditions. On the other hand, wet weighing introduces the error 
of weighing varjdng quantities of water. It is admitted that these 
difficulties were only partially avoided. The most satisfactory 
method was by pouring the animals or pieces into a filter funnel 
lined with hard surfaced filter paper, and, after the liquid hmi 
drained off, drawing the paper over a clean glass plate until it 
adiiered firmly. The animals or pieces were then picked up with 
a thin spatula and weighed in a Paiir weighing tube. The weigh- 
ing w'as done as quickly as possible and the animals promptly 
returned to the flasks. It is impossible by this method to avnid 
weighing small quantities of w’ater that adhere to the animals, 
but the results obtained w ere comsistent and ai)parently the error 
introduced w'as fairly constant; two sets of animals of as nearly 
as possible the same size and physioh)gictil condition show' very 
slight differences in rates of oxygen consumption per milligram. 

After the initial detenni nation of the oxygen consumption per 
milligram per two hours was made, the flasks wore set aside m 
darkness; that containing the control animals being filled with 
w'ater and the one containing the experimental animals filled w ith 
the solution of the anesthetic. Both were tightly stoppered; a 
small air space was left under the stoppers to allow' for changes 
in volume with temperature changes. The solution and water 
w'ere replaced by fresh every forty-eight hours; in some experi- 
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inents, every twenty-four hours. Throughout the duration of an 
experiment at intervals of several days detenninations of weight 
and amount of oxygen consumed per two hours per milhgram 
were made, with temperature and other conditions the same as in 
the initial detennination. 

A word is necessary here concerning the factor introduced by 
motor activity of the animals during these tests of oxygen 
consumption. This source of error ^vas reduced to the minimum 
by subjecting the flasks containing the animals to a temperature 
slightly lower than that of the room and keeping them in darkness 
during the test. Under such conditions the animals remain quiet 
and change position very little during the course of several hours. 
The animals and pieces subjected to the anesthetics were not more 
active than those in water except during the first day or two, and 
differences in motor activity therefore do not account for their 
differences in oxygen consumption. Motor activity may, how- 
ever, account in part for certain minor irregularities appearing 
in the data of a single set of animals during the course of an experi- 
ment, and for slightly higher rate of oxygen consumption in the 
anesthetics during the first day (except in the case of alcohol, 
pp, 335 and 342). 

DATV 

With certain exceptions, the data are given in the fonn of 
curves, and for convenience in contrasting weight changes with 
metabolic clianges the curves of the data on weight are super- 
imposal on those of the data on oxygen consumption. In the 
oxygen consumption curves the ordinates represent fractions 
of a cubic centimeter of oxygen consumed per milligram per two 
hours, the absciv^sae rejua^senting the intervals between deter- 
minations. In the weight curves the ordinates represent the 
weight in milligrams and the abscissae are identical with those 
of the oxygen consumpti(m curves. The examples given are 
selected as typical of the results in each case. No exceptions 
occurred and the only appreciable variations appeared to depend 
on the size of the animals, small animals attaining a higher rate 
of oxygen consumption tlian the controls earlier than large aiii- 
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mals. The number of experiments on the effects of chloretone 
and ether is not sufficient to warrant publication* of data that may 
be regarded as typical; the results thus far obtained are summar- 
ized briefly. A more complete study was made of the animals 
starving in alcohol than in the other agents; two sets were carried 
for ten weeks and two for sLx weeks. The susceptibility of tlie 
alcohol animals to lethal solutions of KNC at the end of six weeks 
was also tested. 


A Icohol 

Figure 1 gives the history of the oxygen consumption of a set 
of animals starving for six weeks in mol. 1/10 alcohol, curve A, 
and of a control, curve B. Curves A1 and lU are the respective 
curves of the changes in weight. In all, sixteen experiments were 
carried out with alcohol, the duration of exposure ranging from 
twenty-four hours (two experiments) to ten weeks (two experi- 
ments). \Mthoiit exception the results agree, for the corre- 
sponding periods, with those represented in figure 1.' 

C'hild (To, and other i)apers) has sliown tliat differences in 
rate of motal)olisni may bo detected, under certain circum- 
stances, by subjecting organisms to solutions of toxic substances, 
particularly KNC, in concentratiotjs that are lethal, but so dilute 
that death changes require several hours before complete in all 
regions. In planaria the i)rogress of death in sucli solutions can 
be easily followed. It has been found that the region in which 
the rate of metabolism is highest is the first to die, the (h^atli 
changes tlien suceessi^’cly involving other regions in order of rate. 
\\dien the rates of death of. two animals of different physiological 
condition are compared, the difference is a rough measure of their 
difference in metabolic rate. The relial)iiity of this *sus(a*plillility 
mctho(^ as a rough measure of eomparative rates of metabolism 
has been linnly eslaf)lishedby comparison with <lirect quantitative 

^ It will he noted Hint tlie {)xyj<en C'onsiirnptir)n of the rontr**l animals at t!i<' 
end of six uoek.s is much iuKlier than at the heginninj? of the experiment. lhi> 
increaso of rale of irietalmlism in planaria after prolonj^ed starvation IjaH Ih'cm 
denied by some inve.sf ijjator.s, The writer has foutid it orcurririK in every tntse ie 
which the period of starv'ation was prolonged. 
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measurcineiits of carbon dioxide production and oxygen consunip- 
tion, by coniparii^on with the progress of death due to lack o[‘ 
0 X 3 'gen, and with other data.^ 

The susceptibility at the end of six weeks of four sets of ten 
each of the animals whose histories are given in curve A and curve 
A1 in figure 1 was tested and compared witli that of the eontnils. 
The exact procedure in each test was as follows: Twenty animals 
of as nearly as ])ossible the same size were selected with great c:in\ 
ten from the alcohol stock and ten from the control, and placed 
in small Erleameyer flasks, the alcohol animals in one and I lie 
controls in another. The flasks were then filled with a fresh 
solution of KX( \ mobl lOtX). and both flasks tightly stojiipcred. 
The flasks were then .set aside umler as nearly as ])ossible the .smie 
conditions as regards light and tem])eraturo and at regular inter- 
vals the animals were examined with the aid of a hand lens and 
the progress of death in each noted. For coin'enience, ( 'liild has 
designated five stages in the progress of death and disintegration 
in planaria. In the present work, ('hihl’s criteiaa were followed 
and the number of animals in each stage was tahnlafe<l separ- 
ately for each flask at e\’erv examination. Figure 2 is a graphic 
presentation of the results of all experimetits, cur\-es A, 1, 2, 
3, and 4, being based on the «lata of the alcohol animals, and 
curves B, I and 2, on the datii the controls. In ])lotting 
curves of this sort, it is necessary to assign a numerical value 
to the proportion of the whole aiiiTual remaining alive at e.a(T 
stage of disintegration. Thus stage I is assigned the value Hh 
and since all the animals are in stage I at the start, of theex])cri- 
ment, tlie value for each ilask is HK) (ph)ttod as ordinatesi. 
Stage H is assigned the value 8, and the coinl)ined v:du(‘ of the 
control animals at the end of two hours is redm'cd from UM) by (lu^ 
passing of some of the animals into stage II. In the alcohoi 
animals the reduction from 100 is much greater, since more of the 


* Tho fiiiKrrf'panoy between LutKl’.s results (’21 ai on the efTert of K\(' on tlf' 
rate of oxy^jen eonsnrnption of Biiraiiieniim and those of tiiunorons it)ive.stiK;C"t ^ 
on the inhibitory effect of the ryaiiides on <»\i(iatiotis <lo<*s not <le(raet from t!”' 
uaefidnesaof the .susceptibility rnetho<l. On (Ito ronfrary, it would .seem that the 
apparent exception in the case rd I*aratneeium deman<ls further :inalysiH, 
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animals have passed into stage II, and some even to stage III. 
The detenninations for succeeding hours are plotted in the same 
manner. I his method of plotting susceptibility curves is slightly 
modified from Child’s method. 

I he strikhig dilTercnce between the curves of the alcohol 
animals and those of the controls requires no extejided comment. 
Lack of material prevented further o.xperiments of this sort, but 



Hk, 2 of tmiinuls from iiirfiro !. to itu'I.l llXXlA’AT. A. 1.2.0, 

and 1. aiiiiiia!.'^ from alcohol sot : H. t ami 2 control animals. 


in view of the very deliuite and alinoi^t identical results obtained 
in the four expernnents tried, it is believed that further evidence 
of differences in susceptibility is not necessary. Tlie results 
receive support in some work of Hunt ^‘07) who found that mice 
dccustomcd to alcohol feedin^^ succumbed to methyl cyanide much 
more quickly than did control animals. 


THF. CIF r \i rWUH VT \I. "Ool il '.Y, \ 
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Two sets of larger animals with proper controls were carried 
for ten weeks with essentially the same results as in the examples 
given in figure 1, except that with the larger animals the iricrease 
in amount of oxygen consumed per two liours in (lie alcohol ani- 
mals was not so rapid as in curve A, figure 1, the high point not 
being attained until the tenth week. 

Figure 3 gives the record of a set of pieces regenerating in 
mol. 1 10 alcohol for fourteen days, and of the control. It will 
be noted that the scale of the abscissae dilVers slightly from that 
in figure 1; however, the curves in figure 1 and figure 3 show the 
similarity in the results of the two experiments. 

It has been found that when ])ieces are isolated from the l)ody of 
planaria, a period of stimulation ensues which persists for twelve 
to twenty-four hours, d'his stimulation is marked by a distinct 
increase in oxygen consumption and carbon <lioxidc i)roducti<>n 
of the pieces, by increased susceptibility to poisf)ns. and by otiier 
evidences of increased metal)olic rate (riiild, ’14, and other 
papers; Hyman, TDc; Hobl)ins and (’liild, ’2(11. Indirect ('vidciM'e 
indicates that in all ])robal)ility tliis stimulation is of nervous 
origin except in the colls at and near the eut surfaces of tlie pie(*e 
(liuchanan, ’23). Strong soluti{»ns (4 ehloroform, etlier, eidoral 
hydrate, and eldoretone inhibit this stimulation and thus to an 
ap]>reciable degree prevent the inerease in oxygen con>um])ti<ni 
that normally follows section. It has been found ])f)>>il)le by lhi> 
metln)d contnd the regeneration of mnv individuals \i\ stune 
extent. The nature of the conditions controlling regeiierati(ai 
and their experimental control has been diMaissed (‘Isewluae aial 
will not l)e entered into here. IVoin the results f)blained in rogeii- 
erati<m experiments and from tiie behavior of the animals there i" 
clejtr evidence that iiu)l.l 10 alcoliol narco(iz(\s tlu' nei-\-<)us aab 
other transTiiission ])aths; however, tin* oxygen consn]ni)tioii ot tin 
pieces in this concentrati<»n of alcohol is higluu’ immediately aftrr 
sectif)n than in contn)l pieces. The exj)lanation otTeiaul for this 
<iifTerence between the efVeeU of alcoliol and that of strong solu- 
tie>n,s of other anesthetics is that the oxygen consumed is concernr<i 
in oxidizing the alcohol and that this source of oxygen absijrplion 
masks any inhibitory effect of the agent on the stimulati<ni of 
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section (Buchanan, ’22 cl). As )vill be noted later (p. 349), this 
explanation seems well founded. It seems probable, therefore, 
tluat in the results ^iven in tigiire 1 and figure 3 the oxygen con- 
sumption is general in the tissues ami does not result from a purely 
nervous effect. The same is also probably true of the effects 
of the other juiesthetics when employed in non-narcotizing 
concentrations. 



i'iji;. a A, iixviit'M ('rtnsuiii|>t i“ii pit iwm t 
n’m-iuTaOnn in lUalctilinl far t Wd work 

])i('ccs, Al, of pict'rs in :ilfnluil; IH, 

at I'Oi'’. 


Diirs per inir. I'f piece? of Flannria 
<: H. dxyiron een^iiinpiion (>f control 
wciphi of citnirdl piece?. All to.^is 


In figuio 1 the curve.- Al and HI slunv that the weight of tlie 
animals deereases at practically the same rate in both alcoliol 
and control sets. 4'his is somewhat unexpected in the light of 
the fact that the (>x)gen consumption of the alcoliol animals 
mounts above tliat of the control steadily and rapidh thiough- 
out the duration of the experiment, and also in \icv of the fact 



344 


J. WILLIAM BUCHANAN 


that the greatly increased susceptibility to KNC suggests that 
the intrinsic metabolic processes involving oxidations are greatly 
stimulated. In figure 3 the weight of the pieces in alcohol 
decreases slightly more rapidly than that of the control. The 
results in other experiments are intennediate between these two 
examples or else like figure 1. The <Iata justify the conclusion 
that the decrease in weight in alcohol when compared with con- 
trols is not related intimately to the increase in rate of oxygen 
consumption. 

Chloroform 

Figure 4 (plotted on the same scale as fig. 3) shows the history 
of the oxygen consumption of a .^et of ])ieces regenerating in iiiol. 
1/3000 chlorofonn for eleven days, curve A, and of the control, 
curve B. Curves A1 and B1 are their respective weight cur\(-. 
Comparison of figure 4 witli the alcohol results in figure i and 
figure 3 shows that while at the end of ele\'en days tlie animals in 
the chlorofonn consume slightly more oxygen than their controls, 
the diflerences are much less than the rlilTerences between tlie alco- 
hol animals and their controls at the corres])onding period, It 
must be pointed out. however, that the data are not strictly com- 
parable, for the solutions are not iso-molar. A study of iso-molar 
solutions of these agents is not practicable with plana rla; tin* 
solubilit}' of chlort)form in water is so slight that it is iK»t possilde 
to make a mol. 1/10 solution. Furtliennore, even a mol.l HN)0 
solution of chlorofonn is so toxic that the animals are killed in 
less than forty-eight hours. On the (jther hand, mol.l 300(i 
alcohol (ca. 1/(300 per cent) is so dilute that its efiects cannot he 
detected with certainty. 

Comparison of the weight curves of alcohol and rhionifoini 
shows that the decrease in chloroform in eIe^■cn days is luiK’h 
greater when compared with the control than in the case of the 
animals subjected to alcohol. This was very geiuM-aliy (riK* 
in the experiments with chloroform, althougli the decrease in 
weight was not always as great as in the exaujple given. 

The work with chlorofonn includes fourteen ex]>eriments. 
eight with pieces and six with intact animals, the periods ol 
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exposure ranging froui three days to two weeks. In all experi- 
ments the results agree in substance with the example given in 
figure 4. 



ti.i;. -t A. o\y^(Mi ('onsuiiiptinn piT two liDur.-^ per iii£. of pieces of Ph^naria 
<li)roto(‘cph:il:i reitcneratiii!:: in iimLl cliloroforni f(>r 11 Jay?: B. oxygen 

coii?ntnptinii of control. Al. weiglit of jnccc? in the cliloroforin; Bl, weight of 
control. All I at JU ^ 


( Ido nd Injdrak 

Figure 5 simws tlie oxygen consuin]ition results obtained in 
(wo weeks ex]n>sure of animals to imd.l SJo chloral hydrate, 
curve A. and the t'onirol. curve Ik the weight curves being desig- 
nated as Al aiul Hi, respetJively. The data show that the 
i IK ‘re a sc in oxygon eonsumiuion in this eon cent ration of chloral 
iiydrate is greater than in M 3000 ehloroform, but much less 
than in M TO alcolioh d'he rate of oxygen consumption does not 
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begin to rise at once, as is the ease in aleohol. For several clays 
it remains the same or even slightly below that of the controls. 
Some time after the fourth day, however, the rate of oxygen con- 
sumption of the animals in chloral hydrate rises above that <)f the 
controls and continues to rise throughout the duration of tin' 
experiment. As regards decreases in weight, in most of tlie four- 
teen experiments with chloral hydrate the decrease in weight dur- 
ing the early periods of exposure was slightly less than that of the 
controls. Approximately coincident with tlie rise of the rate ot 



6 id 


ri((, o A. oxygen ounsuniption pnr two hdur^ prr tris;. i>f 7.’^ animnis starvirm tii 
rnol.I 825 chloral hvtlraTc for two weeks: li, ow^i-ri cniisiitiipt ion of rontro!. Al. 
weight of anirnaL'! in chloral hydrate; HI, wrii^ht of control. Animal:^ fed 72h«'Ui- 
l)ef<^rc start of experiment. .VII tests condin ted at lx]''. 

oxygen consumption abttve that of the coalrols (fourth to sixth 
day), the weight begins to tlecrease itn)re rapitlly so tliat at the 
end of ten to ft)arteen tlays the total decrease t)f the experimental 
animals was distinctly greater than that of the ci>ntrols. 
possibility of loss of substatice due to disintc'gration is not exclude i 
in these results. Highly sust'eptible animals, i.o., young animal- 
or animals subjected to prolonged starvatif)n, show some disinte- 
gration of the tissues of the head if the exposure to M S'io chhu'al 
hydrate is continued Ijeyond ten days. This e fleet is more pne 
nounced and appears sooner when the room temperature is high. 
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The disinte^^ration is regarded as external evidence of a lethal 
effect which may be concerned to some extent in weight decreases 
in experiments in whi('h there is no external evidence of disin- 
tegration. llie weight deciease in chloroform prolyably also 
includes some slight loss of disintegration. Six experiments 
witli iheces and eight witli whole animals starving in M S2o 
chloral hydrate were <‘arried mit, the periods of exposure ranging 
from five days to two wet^ks. 4 he results agree in general with 
tlie examjjle given in figure o. Weight changes are more distinct 
in the exi)erimen1s with wliolc aiiiinals and the results necessitate 
the mo(lifi(“at ion ot a ^tatelllent in an earlier pajier ! Buchanan, 
'22 dl that the weight decreases at approximately the same rate 
in botli experimental and control sei'ies. 

( 'lilorcttntc 

Six experiments with pieces regenerating in M 1000 chlore- 
tfjiie for two V e(‘ks w(*re ])erlorined. The stinlv is bv no 
means (‘oiiiph'te. l)iit the I'csults obtained may l)e briefiy summar- 
ized: The oxygen con>umi)tinn of tiie pieces iji tlie cliloretone 
rises abo\-e tliat of the cijiiirol. the rise (‘ontinuing from tlie third 
day to the lourteimtii. lIowe\'er. in no case was tlie oxygen con- 
sum[)tion at the emi of tlie fouiToontli day more than one and one- 
half times that of tin* eontrol. d’lie weiglit of the animals in the 
(‘hloretonr deiua^ases more ra]iidly than that of the controls during 
the later j)eriods of exposure. 


Klhiv 

Six experiments with pieees regenerating in M 300 ether for 
two weeks wen' jierformed. Although the proeesses of regenera- 
tiiui an^ greatly affected by this (‘oiua^ntratiom and stronger 
solutions are more or less letlial. the oxygen consumption of the 
pieces in the ether diil not vary appreciably fixun that of tlie con- 
trols at any time, nor did the weight deei'ease more rapidly. 
Tliese results are not regarded as evidence tliat etlier may not pro- 
duce oflV{'(s similar to those of tlie other agents employed. The 
exjdanation of the non-oeeurreiuv of the increase in oxygen con- 



348 


J. WILLLUI BUCHANAN 


sumption and of the lack of effect on weight is probably to be 
found in the concent mt ion used; results similar to those obtained 
with the other agents luiglit be expected in other concentrations 
of ether. 

(;kxehal con.sideratioxs 

In view of the fact that tlie results given here are in some 
respects different from those obtained by others, a furtlier word 
concerning the possibility of error seems advisable. A numl)er of 
possible sources of error other than those discussed above (page 
330) remain to be considered. 

The striking increase in oxygen consumptioii of the animals 
starving in these solutions, especially in alcohol, nun* be due to 
the accumulation of the micro-organisms in the flasks and nt)t 
to the respiration f)f tlie animals. The data on suseejdibility 
reduce this i)(^.‘^sibility. Furthermore, the flasks were car(‘- 
fully washed out at each determination of oxygen consumption, 
while the animals wtu-e in the filter funnel diiritig the pro(*ess <»f 
weighing. At New Haven, and freciuently at (4ii(‘ago also, it was 
necessary to heat the water before using because of its supta- 
saturation with oxygen. It was noted that heating the water 
and then cooling and aerating by shaking thoroughly made no 
differenee iii the results of the tests. 

A see(uul [)()ssibility is tluit tlie animals give off* during ex])o- 
sure to anestlietirs some iodine-absorbing substance, tlie output 
of which increases fiuni day to day and which by uniting with 
free iodine lenders the titration of the samphvs inaceurat(‘ ami 
worthless. This ]>os.>ible source uf error is nuidered exceedingly 
remote by the following te>t. If s(nne of the liquid is witlalrawn 
from the flask after the sample has been taken, and shaken with 
air, its iodine-absorbing ])ower is found to b(» reduced approxi- 
mately to tliat of the stoi'k solution when saturated witli oxygiai 
at the same tenqjeraturc. 

\*erzar (M2j gives data showing that tfie o\yg(’n consum])tioii 
of certain ti.ssues is to an appreciafilc extent dependent on the 
oxygen tension in tlie environment, wliile otluu's, n(>tal»ly th(‘ 
.salivarv' gland, are more completely in(ie])en(lent of the oxygen 
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concentration. In the case of the kidney Verzar shows that low 
oxygen tension increases oxygon consumption. Lund ('21 b) 
has presented data \\ hit'll indicate the minimum concentration 
of oxygen necessary to maintain the normal rate of oxygen con- 
sumption of Plan aria agilis. The possibility of a relation 
between oxygen concentration hdow a certain minimum, and 
oxygen consumption has been recognized in this and previous 
work, and every ])recaution taken to assure an adequate supplv 
in the flasks at all times. 

From the data and from consideration of possible sources 
of error it is reasonable to conclude that the increase of oxygen 
consumiJtion of planaria in the j)resence of dilute anesthetics 
is continuous and ('umulative throughout extended exposure. 
There appear to l)e ])ut two possil)Ie factors involved: either 
the oxygen is utilized in oxidizing the substance or the normal 
respiratory motal)olism of the ])rotoplasm is increased, or both 
factors may be cf>neerned. In the case of alcohol, the facts 
indicate that the major part of the excess oxygen absorbed is 
concerned in oxitlation i>\ the alcohol, hithyl alcohol is easily 
oxidized and Pringsheim (*(ISj and others have shown that it is 
oxidized readily ami rapidly in organisms. Ciishny rl2i states 
that in the human body at least 95 per cent of the alcohol taken 
in is dispensed of in this way. 

The lack of (correlation bct^veen the very striking increase in 
oxygmi consumption of id an aria and weiglit changes apparently 
indicates that the alcohol is oxidized by some mechanism which 
is not cl()sely related to th(‘ intrinsic anabolic and catabolic reac- 
tions in tlio ]ivotoplasin. d'his would not accord with the con- 
clusions of a number (»f investigators, tliat the oxidation of 
alcohol is substituted foi the oxidation of carbohydrates and that 
the pii'senco of alcohol thus tends to the accumulation or retention 
nf these substances. I'ndcr su(ch conditions, one would expect 
to find the weight of the al(M>hol animals decreasing less rapidly 
tlian that of the contn^ls. d'ho discre}iancy may be only appar- 
(Mit, however. The \‘ery greatly increased susceptibility to KXC 
strongly indic'ates tliat the intrinsic' oxidative metabolism is 
greatly stimulated. One would expect this cumulating increase 
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in oxidations to be more or less closely aeeoinixinied by an in- 
creasinjz; requirement for oxi(iizal>Ie substances. Under such 
coiuliti(uis, weight changes might not show any retention or ac- 
cumulation of carbohydrates. 

As regards the results with chloroform, it is |)rol)able (h.at 
the relatively slight increase in oxygen consumption is largely 
due to stimulation of the normal respiratory ex(diange and that 
the oxygen absorbed is very little concerned in oxi<liziiig th(‘ 
chloroform, since this sul)stance is not readily broken down in 
organisms.'^ This j)robability is sup})orted by the fact that the 
weight of the animals decreases with relative rapidity in chloro- 
form. That it is possible for small quantities of certain substances 
to induce in(*reases in oxygen consumi)tion was shown hy War- 
l)urg (TOi. who fouml that dilute solutions of sodium hydroxith* 
doubled tlie oxygen consumption of soa-ur(“hin eggs e\’en without 
entering. Warbnrgalso found tlnU ammonium hydroxide, which 
penetrated the cells, also produced slight imu'eases in oxygen 
consumption when (Mnph)yrd in dilute solutions. 

The data on the effects of chloral hydrat(‘ indictitc that this 
sul)stance is oxidized to some extent l>y the organism, althougli 
the tlata are not as sugg('stiv(’ as in the case of alcohol, d’hc 
decrease in weight in chloral hydrate iinlicates that the decreasf's 
in weight in alcohol and (ddomform, particularly tlie latter. an‘ 
not necessarily duo to eontiruious dlss()l\ing out of lipinds anti 
fats, sim^e chloral hydrate, which has similar (db’cts on wcughi, 
is only slightly solul)h' in these substances, 'riie (Tloral liydratc 
data also show that an increase in (>xygen (‘onsum])lion occui> 
in both water and lipoid solubh' am'sihetics wlam emi)Ir)yeil 
in flilutc coneentrati«)ns. 

Xo examination was made f)f the waste products ami carbon 
dioxide output. Undoubtedly such analyses would indi(‘at(' nion’ 
clearly the nature (jf the processes of metabolism alTccted l>y weak 
solutions of anestlietics. It may be added that close inspe(’tioii 

’ (iwuthrricy (’IS, ]), .'JOUj ritos wurk tjy 'riiim anU Ki.^rlicr shusvinn that flilorn- 
forrn may remain fnr tuTtvo Uayn aflrr admitiiiHl rat inn in tlu* Imman hudy, a small 
fraction being bn^ken (town and the nMiiattKier excreted witli expired air amt in l)ie 
urine. 
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of the animals in wliich tlie oxygen consumption was abnormally 
high -for instance, during the later period of extended exposure 
to mol. 1/10 alcohol failed to reveal any evidence of imbibition 
or of shrinkage. 

SUMMARY 

When individuals or pieces <jf Plan aria dorotocephala are sub- 
jected continuously to moLl 10 alcohol, tlie (jxygen consumption 
of the animals imu’eases much more rapidly than that of control 
animals from tlay to day. With animals of moderate size the 
oxygen consumption in alcoliol at the end of six weeks is 700 per 
cent that of control animals in water. The susceptibility of the 
animals to lethal solutions of KXC also increases markedly. 

The weight of the animals in the alcohol decreases slightly 
more rai)idly than that of contojl animals ica. 25 per cent ). 

Subjecting animals to niol.l 3000 chloroform for two weeks 
induces a slight increase in oxygen consumption. The weight of 
tiie animals decreases more rapidly than that of control animals 
ica. 7”) per cent ). 

Subjecting the animals to mol.l S25 chloral hydrate induces 
a rate of (>xygen consumption that is distinctly higlicr than that 
of contnd animals. The w(‘ight of tlie animals in chloral hydrate 
decreases more rapidly than that <if the control ica. 10 per cent), 

Ineomplete work indicaUes that ex])os\ire to moll lOOO chlore- 
lone also indm^es an increase in oxygen (*on^umption above that 
nf control aniimals and also that their weiglit decreases more 
rapidly. Similar experiments with mol.l 300 ether failed to 
show any ctTect of this (a)ncentration on oxygen consumption 
and decrease in weight. 

The probability oi oxidation of these agents by the organism 
is discussed, together with the probability of stimulation of 
other oxidative ]>rocesses in the jiroseuce of tltese agents. 
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A DKSC'RllTION OF MATKRIAL FUO.M A OYN VXDRO- 
MORPIi FOWI. 

MADf'.K TlIl'KI/AV -MACKJ.IX 

DfpnrivuTtl of Aiuilmny^ Wrstm, rrucn-^ity MoJIrnl Srhoul Lojidon, Ontario 
ONK Tt;xT FroT UF: ANij Turin: i'].ATr:s, t\vk\tv-o\f: h<iURK> 

Ihroiigil the courtesy of Dr. H. Schacf, a London physi- 
cian, and Instructor in Anat(»iny in A\ estern University Medical 
School, I obtained the burly skeleton * entire except for a few 
of the cervical vertei)i’:ie ihe head, feet and wing tijjs and the 
gtniads of a gynandroinorph fowl, whicli he had had for some 
time in his poultry yard. 1 he desci'ijitiun and history of the bird 
as obtained I ruin Doctor .^cliaef, is as follows. It appeared to be 
a hen, with neck featluaing suggestive of the male, and tail 
leatliers slightly longer than those of tite normal hen. dhe comb 
and right wattle were lyiriiad of the (‘ock. and it exhibited male 
s(‘xual beha\-ior. It attraiipted co])ulation with the hens with 
ajtparent success. Init was less aggressive in this respect than 
th(' normal (‘ock. It ne\(M' was heard crowing, it did not have 
the strut of the rooster, and it did not light other n ales. 

Ihe bird war^suspected ol laying small, normally shaped eggs, 
this assumptitm being h.ased on the iact that tlie owner found 
sueh eggs from time {o time, before it was killed and found none 
such afterwards. That lit IS lowl was capable of laying eggs is 
shown by the de\('lo])ing ova in its o\*ary. Similar cases ha\e 
l)een re(‘or(led. Ihu'ing and Pe.arl LIS' cite the case of an abnor- 
mal coekerei, which constantly showed normal male sexual desire, 
l)td which laid ‘tw(‘lve eggs and nested twice.' Kastman, (pioted 
by these authors, describes a pullet that laid eggs, but that also 
mated with other juillets. 

The l)ird was killed and ])repared for the table. Doctor Schaef 
stated that as soon as the feathers were removed, it was evident 



356 


AtADCiE THURLOW MACKLIX 


that the right side was much larger than the left. Doctor ^chaef 
eviscerated the fowl himself. Upon opening the abdomen, he 
found a testis on the right side, and on the left, an ovary and 
oviduct. The head and gonads were placed in formalin, and the 
skeleton preserved intact after the bird was roasted. This is 
the material wliich furnished the basis for the present paper. 

DESCUIPTIOX OF OROSS MATERIAL 

Skcleloii 

The most striking thing about the skeleton of this bird is that 
every bone on the right side is larger than the corresponding bone 
on the left. This is true also of those bones that are composed of 
fused halves of the right and left sides. The result is very pro- 
found malformation and distortion of the axial skeleton. Ihere 
is present a most remarkable twisting and curving of the mill 
sagittal axis. If a surface be imagined joining the middle of the 
bodies of the vertebrae to the midtile of the sternum, such a sur- 
face woultl show a marked convexity to the right both dorso-vt*u- 
trally and antero-pt)Steriorly. The whole peh is is tilted so that 
the left side is lowered, while the right is much ele\’ated. Ihe 
mid line of the sacrum is curves] with its eonvexity to the right. 
Heeause of the elevation of the right lialf of the pelvis, som(‘ ot 
the greater length of the right leg is compensated ff)r, but not 
all of it. In view of the great disparity in length of the right and 
loft legs, it is astonishing that the owner noted no abnormality 
in gait. 

The remarkable asymmetry of the skeleton is well shown in the 
photograi)hs. Different views of it are gi\ en in ligures 1, 2, 3, 5 
and 6. Mewed from the dorsal surface (fig. 1), it is at once 
evident that the right side is larger than the left and tliat the mid 
line is curved. The capacity of the left side of the tlu^rax is less 
than that of the right, due to the flattening of the ril>s, and the 
deercasod height of the thorax on the left side. Figure 2 displays 
the same asymmetry existing in the ventiad aspect of the skeleton. 
Not only is the sternum ns a whole displaced to the left becausi’ 
of the greater length of the ribs of the right side, but the line of 
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fusion of the right urid left halves of the middle xyphoid process 
is very curved, its convexity being to the right. The right-sided 
preponderance is evident even in the processes of the ^’ertebrae. 
This is seen in the free caudal vertebrae and the pygostyle in 
figures 1 and 2, and is e\'en juore marked in the hypapophyses 
of the cervical vertebrae, which are larger on the right side 
(iig. 5). 

A view of the left side of the skeleton ffig. 3) shows the greater 
length of the right internal and external xyphoid processes, the 
greater height and length fjf the right half of the pelvis and the 
smaller size of the acetabulum, obturator fissure and ilio-sciatic 
foramen on the left side, when compared with the same structures 
in figure 6, which sIujws the right side. These latter differences 
are less than they appear in the original, since the reduction in 
figure 3 is a little less than figure G. 

Another view of the ventral surface of the skeleton is given in 
figure 5, so taken that the difference between the two coracoid 
processes is clearly brought out. 3 he flatness of the left thorax 
and the deflection of the sternum to the left is well shown. Figure 
6 of the right side of the skeleton shows some of the differences 
noted in the aho\ e descri])tion nf the other figures. 

The right and left sides of I he head are shown in figures 8 and 9. 
Figure 7 is a i)hotograj’>h of the skin of the head after it was re- 
mo^■ed and sj)read out to show the size of the right and left 
wattles. The I'ight nie:isures 39 x 33 mm. and the left 29 x 27 mm. 
The comb, wliicli is ot tlie single variety, also didered on the tuo 
sides. Viewed from al)()^■e, it sh.owed in the ])osterior two-thirds 
a concavity to the right, and viewed troiu the front it showed 
dorso-ventrallv am U her far more accentuated curvature, with 
its concavity on the riirht side. On the left the comb rose 
straight from the skin of tlie head. I'heso ioldings and eurvings 
apparently tt)ok place to allow a single median structure to follow 
tw’o different rates of grow th, the edects of which are so e^ident 
in the paired structures oi this bird. Ihe beak w’as cur\ed to 
the left (fig. 4), tlie mouth measuring 4o nun. on the right and 40 
nun. on the left. I'he aperture for the eye and the nostril on the 
right each measure 1 mm. more than the corresponding structuie 
on the left. 
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After the soft parts were dissected away from the skull (tijr. 4 , 
the right side appeared higher and larger than the left, the lino 
of fusion of the two sides was curved toward the left, and the 
greatest diameter of the right orbit measured 4 mm. more than 
that on the left. The base of the skull, shown in figure 17, 
exhibits the line of fusion curved to the left, and the greater length 
and width of the right palate. Removal of the tongue and hyoid 
bone (tig. IS) reveals to a striking degree the asymmetry in this 
region, the tongue as a whole being tleflectetl to the left, and its 
right side being greater in all its dimensions than the left. Tlu* 
right cornu of the hyoid is \Try nuich longer than the left. lAon 
the fimbriae on the palate and tongue are larger on the right sith*. 

Turning to the long Ixmes ifig. 10 ) it is clear that the bones 
of both sides are normal in cont(nir and proportions, but those of 
the left side are uniformly smaller tliaii those of the light side. 
The left tibia, which cracked into several fragments duo to iis 
fragility after the roasting process, was both weighed and me;(v- 
ured before it cracked. Figures 1 1 and 12 show the feet and wing 
tips which are in accord with the picture furnished by the rest 
of the skeleton. The spur on the right leg is larger than that on 
the left, although ]>otli are still small, the liird being young. 
In figure 14 tlio feet are s[)read out so as to show the greater length 
and thickness of the toes, and tlie larger spur and scales on tin' 
right .side. 

Comparisons of the widghts and lengths of the bones are lobu- 
latcd in table 1 . 4'his sliows a striking uniformity in the r.iii" 
between the weights ami lengths of tlie bones of the tw<i sidrs. 
The average ratio showed that IIjc bones of the left sale were 
6 f) per cent as lieavy as those of tlie right, d'he lengths ot the 
bones show a similar uniform |>rt)portion, only here tlu' left sid(^ 
averages 85 per cent of the hnigtli of tlie rigiit. MeasunamaU' 
of the bones of a normal hen <jf the same age as this gyiiaii- 
dromorph S3(>-1 disclose no variation in the lengths of tlie two 
sides; also that the bones of the female half of 83l>-l were normal 
in the extent of their development, since tliey practically co>m 
cided with those of the normal hen. 

Measurements of the greatest transverse diameter of the right 
thorax was 4.5 mm., of the left only 30 mm. 
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ExiuDination of the maeroscopie appearance of the gonads 
(fig. 13) showed a normal looking testis weighing 10.86 grains, 
and measuring in the formalin-fixed state oO x 23 x 14 mm. 
The ovary was more difficult to measure, since the mass was sif 
irregular, but it measured approximately 20 x 14 x 10 mm. for the 
larger part, and 10 x 10 x o mm, for the smaller. Its weight w.is 
1.78 grams. Six ova, ])roken free from the ovary, were pres- 
ent, two of which were sectioned. The largest ovum imaisured 
15 X 13 X 12 mm. The smallest measmed 5 x 5 x 5 mm. 'I’he 
irregular mass attached to and situated above and to the rig] it 
of the testis proved, upon microscopic examination to l)e liver. 

The brain was dissect e<l out, Init was ratlier poorly lixed, since 
the formalin had not penetrate<l well. Figures 15 and 16 give 
the dorsal and ventral aspect of the lirain. Tlie right cercl>r:il 
hemisphere appears distinctly larger than the left ; the optic Inhos 
seem to be about equal. 4‘hc right side of the medulla seems 
larger than the left. 

Due to its marked curvature, the brain could not be cut 
rately in half in order to weigh the two sides. It was sectinne»l 
and mounted serially, but due to the poor fixation was jiractically 
worthless for the study of tract.s or cells. In order to determine 
the relati\'e weights of the two sides, drawings were made nn 
paper of uniform tli irk ness of every other section through* an 
the brain by means ot an Fdinger [irojection apparatus, ilie 
magnification lieing live time.s. 'I'hoy were labelled ‘right’ aii'l 
deft/ also with the serial section number, tlien rut out, and the 
two sides weighed. The results were not a.s striking as tic- 
appearance in the gros.s would lead one to expect. 4'ho weight 
of the left hemisphere was 67.2 per cent of that of the right : 
the left optic lobe was 100.6 per cent of that of the riglit, while 
the conffiined weight.s of tlie left hemisphere and o])tie lobe w ere 
68.3 per rent of the right hemis])here and oj^tie lobe. Measure- 
ments of the greatest trans\‘erse diameter of tlie alternate sectitiu^ 
of the hemispheres indicated that the loft side measured 65.;] 
per cent of the wddth of the riglit, while' the left optic IoIm* wms 
practie*ally the same as the riglit, being 66.3 pei’ cent e»f th(‘ widtii 
eif the latter. 4'liesc figures show that the oi)tic lo]>es w'crc pr;ic- 
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tic ally identical in size, while the right hemisphere was slightly 
larger than the left, in view of the constant relationship between 
the weights and the lengths of the two sides found in the bones, 
one would have expected to find a similar relation in the two sides 
of the br!iin. It is here, to a slight extent, but much less marked. 
Had the optic lobes shown the same I'atio that existed in the 
hones, and the hemispheres tlie same ratio that they show now, 
one might have advanced the thcoi y that the left side, being 
responsil)le for the motor control of the right side of the body, 
had <Ie\'eI(>ped larger (-ells and larger tracts than the right hail, 
which was to control the smaller side of the body. Sucli a theory 
is untenable, since the optic hd:)es arc equal in size, and the left 
hemisphere only a little smaller tlian tlie right. 

MICKOSCIUMC; MATKRIAL 

Testis, A jtiece of testis was cut out and embedded in paraffin, 
and sections stained with Mallory's connective tissue stain, 
iron hemat(;xvlin, hematoxylin and eosin and carboi hiclisin. 
The juicroscopic study shows it to be a perfectly normal testis, 
with th(‘ tubules well formed, the genninal epithelium showing 
numerous mitotic ligures. and the hi men crowded with sper- 
matozoa. Histologically, at least, it was a normal functioning 
testis (iig. 20). 

(hvrij, 'I'he ovary consists of a mass in o\ ari:in tissue, through 
which is mixed more or less abnormal testicular tissue, according 
to the place from wliic'h the section is takiai lig. 21'. Ijicap- 
sulaled in the center of the ovary is a large mass of adrenal tissue 
dig. 21 a). Tlie two typo of cells of cortex ami medulla are 
present, l)ut imt in their usual relal ionships, the groups of the 
two types of cells being more (U’ less intermingled. Witliin the 
capsule are seveml groups of nerve (’ells of varying sizes, some cells 
heing tlui’c tiim’s as large as their neighbors. In some sections the 
iier\ e ('(‘Ils are frec’ly inixedm with the adrenal cells. I.aigoneu Cb, 
widi cellsscattered thi'oijgh them, lie near tlie adrenal tissue. 1 heie 

arc numerous l)lood ^■csse^s, mucii snuioth muscle, and about the 
pei'i]thory in sotm'- sect ions numerous young ooc) tes, and a model - 
ate numbei of larger ones. In some places one liiids a smalhunount 
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of nearly noniuil testicular tissue detiiiitely encapsulated within 
a larger mass of testicular tissue in which the seminiferous tubules 
are mixed in with a large amount of ovarian stroma. Here the 
spermatocytes are in many cases separated from the basal cells, 
and are lying loose with an occasional sperm in the center of tlic 
tubule. In sections stained with ^Mallory’s CfHinective-t issue 
stain the ‘interstitial cells’ of Boring ami Pearl, or the eosinophili(* 
leucocytes, according to Cloodale and Xonidez are numernus. 
^'ome follicles present are undergoing atresia: masses of lutear 
cells are present in tlie theca interna and in the corpora lutea. 

DISCISSION 

C’ases somewhat similar to the j)resont one are the eight 
dierrnaphrodite l)irds’ of Jh)nng and Pearl PIS); Jlartinaii's 
fowl with functioning gonads of both sexes; the pheasant r)i 
Bateson, and many other eases too numerous to bo re(‘orded. 
These were all intersexuals, a eondition exhibited by S3<P1 on the 
left side: but it also belonged to the r*lass of gynamlroniori>hs in 
which are placed BoveiTs bees, Bond's pheasant, and the birds ot 
Poll, (pioted by Bond, iailie’s free-martin has a great many 
points of resemi)lance to this cas(N in both instam’es the two st'x 
hormones were circulating throughout a single individual, ami so 
modifying the couise of de\’elopment. 

With the except it)!! of Jh>nd’s pheasatit, wliicli exhibited a 
bilateral a.symmetry in tlie region of the tarsal Imnes and phal- 
anges I have been unal)le to find any records of a case of comphM ‘ 
bilateral asymmetry associated with a combination of secomlary 
sex characters of lioth sexes. Mon rati records eight cases nt 
unilateral gigantism, four of wlncli were liglit sided and toiii' 
left sided; Init tliey possessed no abnormality in tlie secondary 
sex characters. I recent h' saw a woman in a side-show wh‘> 
showed in a striking degree the phenomenon of bilateral a.syimm'- 
try. She claimed to be the mother of one child, so (liat the giauna- 
tive tract was sidficiently female for reproduction, but she had 
the typical male voice, had to shave every day, ami poss(‘.<scd 
the physique and features of the male, d'hero was a well-devel- 
oped breast on the left side and none on the right (she statinl 
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that there never had been one on the right side); the whole 
Iclt side, normal in its j)roj)ortions, was uniformly smaller than 
the right. Ihe left foot requiied n no, 7 shoe, while the right 
reouired a no. 0; the left leg was 5 inehes shorter than the right; 
the left ulna I inch shorter than the right, and the fingers of the 
left hand, more tapering and smaller around than those of the 
right hand, also averaged \ in eh less in length than the right- 
hand fingers. T ha\'e no data as to the appearance of the external 
genitalia, hut the somatic characters of the individual were 
modified on the riglit side espeeialiy, toward the male tA^De, 
as shown by the greater growth of tlie skeleton, muscles and 
hair on the right side of the body and the absence of the breast 
on that side. 

Much confusion lias arisen thi'ough the wide divergence of 
opinion as to what constitutes the secondary sex characters 
in the domestic fi>wL Tlie conclusions of Boring and Pearl 
<d8) are at \'ariance witli those of Pezard, Morgan f'20ai and 
(loodale (db). ddiis fowl, where conditions iinjio.sed by nature 
were ideal for tliis (‘\i)('riment . seems to ])ear out in ])raetically 
e\erv detail (loodale's ideas as to the relations between the sex 
hormones and the s(*coinlary sex characters. Tlie tlieorv th.at 
the secretion tlie (nairv inhibits the ajipcarance of male plumage 
also recci\’es suppon fi'om tliis case. The lutear cells, held 
responsible for hen-ieatliering Morgan and Boring: iMorgan 20. 
b and cj, are normally alnindaiit in this fowl s ovary when com- 
pared witli the o\'ary oi the normal hen. 

Examination of tlie testis does not support the theory that, 
there are interstitial cells re'>ponsil'>le for the male sex characters 
in tlie fowl. 'There was no atrophy of tlie seminiferous tubules, 
nor ally e\'idenee between them ot colls usually designated as 
interstitial. Pezard's idea that the internal secretion of the 
testis is from tlie ‘glandular parenchyma* seems more correct 
th.an tliat of .Massaglia who holds that there is a true interstitial 
tissue. 

.Another cause of much iliscussioii and one upon which some 
light is thrown by tlie present case is the supposed antagonism 
existing between tlie gonads. Moore found no such 



3()4 MADGE THURLOW MACKLIN 

antfigonism, both sets of gonads growing well in the same animal, 
in which the somatic and psychical characters remmned un- 
altered after the transplant unless the animars own gonads 
had been removed previously (^21 b). Sand, using the same 
species as Moore had used, obtained results which he interpreted 
as indicative of antagonistic influences between the male and 
female gonads. Yatsirs experiments on parabiotic union in rats 
showed practically no inliibition of either gonad by the other. 
In the natural experiment of botli testis and o\ary grew 

well and each functioned in the presence of the other. 

The theories of sex hormones cannot fully explain the con- 
dition found in tliis fowl, for the hormones were e(iually accessible 
to both sides of the body, 'i'he bilateral asymmetry rests upon 
something juore fundamental than sox hormones, namely the 
zygotic constitution of the individual. Two theories ailapted 
from Morgan rU)) are here presented, which would ex])lain the 
condition Uext tig. A). 'I'lie first postulates that in the tii*st cleav- 
age, one X chromosome lags behind and fails to l)c included in one 
of the cells. The X chromosome may disintegrate for some 
reason, in one of the cells, it being known from the work (if Mavor 
that the X chromosomes are nujre Miliu'rabh* than the others. 
The side j)(xssessing only one X chromosome wtnild l>e the female 
half, the hen being hetorozygiais for sex. and the (it her half 
would de\'elop into the male, d he second explamali<in is tliat 
the egg may po.ssess two nuclei; each nucleus gives (iff its own 
polar body, and as the diagram shows, (iue gives off the /. ti;c 
other the 11 , chr(imosonu\ Two s[)erm then fertilize this egg. 
giving one sidt; the full (|Uofa of male, the other of female, chromo- 
somes. 'i he same result would be obtLiined as in tin* latter casta 
if in the reduction di\'ision, two sperm of the many which ])ciu'- 
irato the lieibs ovum becciiiie ftmctional instead <if (tne; one "i 
these fertilizes the egg, the otln-r the polar body nucleus. W hich 
of these i.s the true explanation must rtaiiain in (i<nibt, since tlu' 
material is lacking which would decide tin* (lucstioii. d'hat the 
two sides were different is shown coiiclusi\<*ly by their ilitlViaait 
responses to the same envirminient. 
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llieie iGinainSj howovor, the mass of abnormal testicular 
tissue embedded witljin the ovary, to be explained. Here we 
ha\ e a case \ei\ similai to that (>f the tree martin described by 
Lillie. The male hornaaie of the right half of the body is cir- 
culating ill tlie blo()d-\'es8els of the female half with the result 
that some seminiferous tubules are tormed within the ovarv, 
in cattle, the male hoiuione begins long before the female hor- 



moj'io is prodiiceal Lillie and Ihiseom . so tliat the female tend- 
ency lias little clianci' to express itself, bond states, witlunit 
giving his e\'idenee. that the tVinale hormone begins to fiinetion 
before the male, ami taatsi^s before the latter lH’‘gins. in the (*ase 
of the fowl. If this In' true, one ean explain the presence of so 
much normal ovarian tissue in tiiis fowl. 

(loldsehmidt i’Hi. ’17 a' assumes on the data from his experi- 
ments that sex is not nnly (|ualitativc but (juantitative. He 
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postulates that the constitution of the female is KFMm, and the 
male FFAIM, where TF is greater than M hut less than MM. 
FF is inherited maternally, being in tlie cytoplasm of the egg. 
and MM is a true Jiieudelian fai‘toi‘, carried in the chromosom(\s. 
In different species, these factors ha\'e dilTereiit values, so (hat 
he can obtain races where (lie value of M is greater than tlu’ 
value of FF in another race, 'bhus wimn crosse<l. (lie otTsj)ring, 
although zygotically females, aie somatically mah's, the inah* 
substance being greitter. He assigns xalues to these factors, 
stating, for exainjde. that when FF - M > 20. or MM ~ FF :■ 
20. the iiuli\aduals are females or mah’s r(^spe<*ti\ ely. If FF “ M 
< 20, or MM — FI'' < 20, the indi\'lduals are female or male 
intersexuals. If values are a.^signed to these factors, one can 
see how the present ease arose, f.et I" be 70. and M 100, then the 
female would ha\'e a balance of 40 in fa\'or of femaleness, and the 
male would ha\e a balam‘e of 00 in favoi’ <if maleness, so that 
both would I)e srimatically ainl zygotically of either tlie mah* or 
female se.v. Since botli these hormones wer(‘ circulating throngh- 
out the whole body, th(‘ opposing fa(‘t<)rs W(*re IF and 3M. or 2so 
in favor of fem.aleness and 300 in fa\or of maleness. Sinc{‘ the 
male factor exceeds the female by 20, wme tliis indivi<lu:il 
exactly comparai)le to (loldschmidt’s nmtlis, the whole individual 
would lia\’(‘ devehji)rd as a nontial male. 'Flu' fowl is not a 
zygotie, btit a hormonie intersextial '( loldsehmidt '17 bi; that 
its inter>exuality is not fletermirie<l at tlie moment of fertilization. 
Ijiit when the sex glaiid> ftegin t(j product' tlu'ir hormones. '1 !ic 
female hormone, supposed to function first, inllttenct'd tfie devel- 
opment of the indi\idua! toward tlie female side; tin' male, 
coming into play later altf'red it in tlie direction of tin' m.ilc. 
Hence the ovary of the right sid(' whn'h normally di'generates. 
would meet (Jidy aecf'leration, and ail tlie gonadal tissue ot the 
right side would be male. On tlie left, the ovari.aii tissm' which 
had already formed, persisteil, Init testieidar tissue also b(*c:inic 
dilTerentiated. It must b(> remembered in cases of liormoni'' 
intersexuals that tlie i^nIi^’idual is not sinifily tin* algebraic sme 
of the two opj)o.sing factors. One liorinone may produce an 
effect tlnit the presence of the otiier cannot ol)lit(*rat<‘: the 
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effects of both hormones, somewhat modified, may be evident. 
A ease in point is tlie hen feathering of this fowl. Although 
the male honiKme was suflieient to i)roduce sperm in an ovary, 
it could iRjt i)rodue(‘ eoek-leathering, since in that respect, the 
female horinom^ f)ied(Hiiinat(‘s (j\'er the male. 

i hat the hy])npliysis has a \’erv closf^ relation to growth is well 
known, but It is impossibh* to state what its condition was since 
the mat (‘rial was unlit tor study. 1 he sec let ions of any endocrine 
glands eoneerned with growth were ecpially available to the 
two sides, so that the (‘Xpla nation must rest upon the different 
genetic (Mmstituti(m of tin* tw(» lialves. and bf^cause of this 
(litTeren(*(‘ tluw each la^spondtal to tlieii’ ap|)i’opi‘iate secretion, 
and were les> aiU‘('ted by tin* sta-retion of the oppiasite gonad. 
Ap])ai’ently the soina iijion which tliese hormones work, plays 
a larg(' role in tlie result. In th(‘ tree-martin. Iioth sides zvgoti- 
eally the Same. res])oii<l in an identical manner to the male hor- 
inoiuy but th(‘ j'(‘sull is an intrrsexnal ami not a real male. That 
the om‘ sex eannoi be eomjilotely transformed into the other 
in the ease oi the doim^stif* lowl, and that tlu' z\gotic constitution 
of the indi\idual laigely detcaanim's the rc^ults obtained with 
exactly the saiiu' horinom’ is W(dl illustrated by this case. The 
latter point may b(‘ a jiai’tial exjtianation of the varied results 
obtaiiu'd by workers in this litTl. 

I d(\sir(‘ to express my thanks to I)j\ H. IT Schaef, who gave me 
th(‘ mat (‘rial for this fowl, and who furnisiied the description and 
idstory of it . 
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IM.ATI': 1 

KXIM.AN ^ rioN OF FIOFUKS 

1 Dor^ial asprot of i^kelcton of jiynandroinurpli fowl. Kijzht malf* 
side fern all’. X 

2 \'en t r a 1 a^ pe c t o f h ke le t « > 1 1 . N , ' ' . 

A I,eft side of skeleton . X . 

4 Dorpal aspe(“t of skull. X . 

o \'('ntral as[){‘et of skrdetiui, to shou t‘spociall> lire rorio'oid pmcrsses :te 
ventral processes of the cervical Vf-rtel>rae. X i‘. 
h Kipht si lie of skeleton. X 
7 Skin of liead spread out. X . 

5 Kii^ht side of licMil. X i\. 

0 Left side of hrad. X ^ . 
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.\II;TA/.()AN I'AliASITK 

i.i.'i.n: li. .\i:i ii 

A few y(‘:ii-- liriiliii^ [ii-l < I^mik iD-t itil pjI ilitii aniinul 
may affjuii'f* imiiiiiniTy to a mrta/oan pafa-itr*. Tlii- was ati 
important rotit rihiirion i.i thr litta-at ui-t* ot' iinmuiiity and is 
of {‘-p(‘<‘ial iiitin’o-t 'iiico tin- fi iiaiit ion had -^o Iniiir 

variMU-l\' -ouydit utilioni -uccf-., |]j. rO''iih> iiaiiK'd U])oii 

ti-li artiiiu: a- tho li<t-t. ;ind ulnrhidia. thf‘ larval lorm of frodi- 
^\al(a■ liiir—i']-. a- llir iiala-itr. It -hoiild hv -lainl Iw way of 
(‘xplaiiat ioii that thr ahtai'^t ii)ii-i<'''ro]ii(' y.ln<'lii(liini: i)a>sos a 
para>ili(' pniod vmlKMjdrd in the -uporlicial L:ill> or of 

an appiopi'iat ti-h, Hnly imdra' tlw-r condiiijin^ can nicia- 
iiiorpho'.iN to tlit‘ trcr-lniiia .nnrnilr omn-, 

Ii(‘\tliiiu ■-hoWA'd tiiai at lia” hr-l and "la'ond !nii‘rtion> of ti>li 
a iiofinal imM alia icplii ciPinphcod in ili(‘ axcraac ."Ununci’ 
linn* o^ ahotit two wrrk'. (hi tlii‘ tim’d and -ult^v(|uciit in- 
tcrtion- nnii'iially hra\ \ i-y-t - \MaA' n a'lnrd. hut the dorhidium 
^loii^hcd idl liy I hr -rcond of thiid day; lhi> wa- ariaoiipanicd 
hy iK'ri’ovis of thr lirlttiiii and a rrnaiti aiiaanit of dochidiai 
<ii^intrri’ati(m. I iatiLiniu-drop prepa^'anon- pi'ox’rd ihr Idoo^i 
of imtnum' ii^h to rxiai a rUolylir rttcri on ^lorhidia. tc-t^ 
indicat'd tlir piAihal clii \ of a weak pnaapitin in tlu' antiMM’a. 

ihrrinii olworxaal tho ifcnrial cour-r i»f these experinamt'^. 
1 ran. testify to the arrurary of their hfoad ronelu-ioin Nevei- 
tlielos. imadt'tital te^l" pursued dnrinc. the la>t two >iimnae'> 
I'l’inji out xmu additional inff ainai ion. M\ oridntil oUjeet> 

^ < '"Ilf ( ilmt j. -11 !i, . a e, ! ': • i S>t., , j I p, , rj , : X, 5 p :• 
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w(M'o two: first, to detenniiio it' more iiif(M‘tions an* 
sar\' \o produce iiiunuiiity than the h(‘av>' infect ions usually 
employed: that is, if there is an easy demonstrahle ([Uantitative 
factor: and se(‘ondly. to di>covi'r if an iimiiunity oiaa* (*stahlivheil 
remains etTecti\i‘ thn)n^h tin* following s(*asons. ilotli point> 
lane an iini)oriant practical aji])lication in mussel propapition. 
Infections as they otaair in nature are li^lit in comparison with 
the hea\'y dosa^(*s in ]u-opa^ativ(* work. Should li^ht 

infections [iro\'(* as elTectixa* as hea\y ones tlu'-e fer:d lish mii^hi 
he(*ome immum* and soon h(* nseh'ss as tairriers. If an immuniiy 
huilds cumulati\'(*ly and ho]d> from y(‘ar to year it would fnrihci 
(‘liminate f>ld('r fish from the iio>t-funct ion. 'rin*s(* povsihihiic- 
an* especially ‘'imiiticaiU in vi('^^ <if tin* ('\t(‘n>iv(‘ ])ropae:a!ivc 
proiii'am can ied on hy the lhir<*an oi Kis}iei i(*>. In re-t i ich'i! 
area>, re-cia‘d ti-h iniiiht thu" ht* infected repeatedly uillmii! 
any <‘ertainty a- to wla'tlier the ulochidia nHaainorpho-e ni 
-Ion eh. 

In lie* exp(*[iiiaml - now to he (h'-mihed the lio>t u>edwa-tlii' 
lareeniKUith hhu'k l'a>s. .\!icidpi(*rus -alnioide-: the ejnehidi,- 
were from the I.ake Pepin muekt’t, l.amp>ilis luieola. I’lie-t- 
w(‘r(* the forms u-r‘d ia!'‘r(‘!\ hy Keuline. ^ood artiliciji 
infeclimi plaee- ahoitt elochi<lia \\\)n]\ the ejlP n\ a h-li. 

I'ir-t. my f>h>er\aiioii- -oiik* additioniil iitlormai ion "i; 

tiif' numher of int(*clion- nece->ary to protliice imniimity. Meiil 
ine found two iiUeetioiis >iilh(*iem lor medmm-'i/ed ha--, wheiea- 
larL:(* indi\ idual- ma\ become iintnuiK* alter one period ot pai.o 
-irism and tlie ^maii «»ne- i’(‘(|uire three, Thi- dillereiice he 
explained oti tla* ha-is of wii'ied past experietmev a- }io-l- ]i. 
nature the older tish fiaxine liad more oppoitimily to aeijime 
partial immuniiy. 

A lot tit nearly threi' dti/en liiack ha— wa- inteeled lepealedi^ 
dniiiie tlie -iimn ('i' of IhliJ. The lii-t two inleetioiis were uii 
ecenttui, IIk' third prohahly proiha^ed more nr le^'S imiimml^ 
althoiieli there i- fiiily the pti-iti\'e reeortl that the ti-h were he* 

\\,l l|,n <■ ttni I :mi t-. \h \ \) liMU n.l It..] M. I’. iOV .1 Vl. -'' . 
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of the glochidia on tlie tenth day, whereas a parallel infection on 
wild bass in another experiment required a week longer. At 
the foul til infection, the fish became practically clean after' four 
days; all but a few were entirely free at six days and all on the 
seventh. Ihere was no rigid correlation between large size 
and early iniinunity. 

llie results of the suniiner of 1921 are even more interesting. 
Ihe first two infections were without especial feature. Two 
or three days after the third treatment the number attached 
gradually deci'etised. \ot the last fish was not entirely clean 
until tlio thirtc'entli day. At tlie fourth infection there was the 
same gradual naiiictiom some fish retaining glochidia until the 
third, filth, se\enth. ninth, and fifteenth days. At the fifth 
and last dosage conditions were similar, the tisli liecoming clean 
on the eleventh, nineteenth, and twenty-fifth days. This in- 
fection was eaii\' in Scpteini^er. l)ut on the eight days following 
tlio water was as warm as the average for August. Two otlier 
tisli were given a fifth infertion on September 29tb2 by this 
time tht^ water teinpra'aluri^ had lowered (“onsi(leraV)lv and tlie 
iish retained tlu' panisitt's. tlie sole siiiMvor shedding meta- 
morphosed lar\ a(' in tluMoiddle of tlie follo\\ing Alay. when the 
Mater had again ])econie Mtiini. It is important to note tiial 
tliis fish lost many gioeliidia Mithin the lir^t four days, and still 
later tlu' original nuinhor was reducedi to one-half, yet despite 
this apparimt pai’tial immimity the glochidia remaining even- 
tually nuUamoi'phosinl, 

'l’hes(' e\)HU‘imeiits indicate that immunity is not ahvays 
a(‘([uiiuHi in a sharp, cleameut fashion after tlu' -ocond or third 
intiM'tion, Imt that foui’. Ii\(\ or moia' infections may lie necessary. 
M’itli a gratlual Imilding ii]) of a semi-immunity. This also 
rec<irds for the first tinu' as many as five infei’tions on tisli not 
yet immuiuu 

Furthermori' in tlu'se I’ases the shedding ot encysted imli- 
viduals nmy be progressive. Ueuling f(*uiul the glochidia Mere 
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sloujjhecl in twenty-four to seventy-two liours and 1 have wit- 
nessed Ins experijuents where this oecurred. Yet in the two 
series deseribed tibove, and in still another series having iin- 
inunity not shai*!)!)' defined, the shedding was prolonged ov(‘r 
many days. Under these conditions the gill filament tends to 
become cletin first along its proxitnal extent and considerably 
later at its tip. Uluis, it is common to find su(“h gills after :i 
few days entirely free with the exception of cysts about tiicir 
tips; tliese c'ysts may be thin and pedunculated. 

In order t<> determine the r(‘lati\a* elficitmcy of light and 
heavy infections in ]>roduciiig immunity. i)arall(d tests wtor 
mil. ()n the first infe<‘tion i)oth sets rectns’ed an a\'eragt‘ dosau*'. 
d'heri'aftm* oii(‘ lot was given tlina* to four times the number of 
glochidi:! \\iii(di th(‘ other n‘C(a\cd. ddic normally inf(M'n>d 
control showial signs of immunity on tin' third infcolion and at 
the fourth beettme raggedly immune. nio>t being practi(*ally <‘h‘ai! 
by tlie fourtli flay. In tlie liglitly infectfMi lot. on tin* .<eeoinh(> 
fourth day of the fourth treatment there was >hedding. and hy 
the se\'enth ilav one-tliird wiU'e entindy free and the ]v>\ netirly 

This e.xperinumt does not In’ing out an>‘ marktsl ditTcnaur 
betwi'Cii the two groups l)Ut it >eems to iudieatf' a >lightly (\arlirt 
immunity b\' th(‘ fish vliich r(‘cei\'(al tlie heavifU' iidV('tii*i!'-. 
At aii\' twent there is not as nnndi dilierenet' lietwetm heaw 
and relati\ely light dosage- as niight be exjieeOML l^)^^li>ly a 
still wider -pread in the deri>ity t)f the infe<-tioii, that i.>. lM‘a\y 
and extremely -parse, woiihl bi' more elTective. It a])j)ear'. 
therefore, tliat the number of infections is more imporfatU as aii 
immuni/ing factor than their hca\ln(^-s. 

At j)r(‘>crit it is impossible to stale the pcrmaiumey of an 
immunity once established. Of the I'.rJ! fi-h nmic survived da* 
liuzards of winter tmd >pring conlinement the last imlividuai 
dying in .May. ihicterial ami fungus distaises also deeimated 
the lb22 scries whitdi was to lx* wint^TCfl over in ponds. Never- 
theless, scraps of information ha\a‘ been gained from the hi"- 
toih's of individual fish ami lludr beha\ ior at infection whif !i 
make it :ip|)ear prol)able that the immunity is more ix* h'- 
permanent. 



ACQrniKD IMMliXlTY TO A METAZOAX PARASITE 381 


SlArMAKV 

Immunity to ^locliidial parasites fe.g., Lampsilis luteolaj 
may bo acapiired by fish (c*.g., hi a ok bass) in two to five or more 
infeolions. 

Fisli tliat booome thorouglily immune at the second or third 
infection slough the attaclicd gloohidia rather promptly within 
forty-eight to seventy-two hours. 

Fish that le^piire four or more infections acquire an ill-defined 
immunity, and gloohidia are lost ])rogressively over several to 
many days. 

Light infeeti(»ns are practically as effective as heavy dosages 
in producing immuniTv, although there is apparently a quant i- 
tati^■e (litTerencc wlien tlie spread is extreme. The number of 
infections seems to l)e Jiiore important than the degree. 

The permaneniA' <>f aorpiired immunity remains to be proved, 
vet there :ire mistaTaneoiis records vliich indicate that it last^? 
at least one year. 
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IXTFiODrrTIoX 

In 1021. while jx'rfnrnhn^ st)ine ex])eriinents on the effect of 
\'ai'iou.s typos of haoteria and ])r<jtozoa on adult Musca domestica, 
Stonioxys calcitrans and Ly])erosia irritans. the writer noticed 
that a dose (‘orrelation existed between ^'arious types of food 
on the one hand and ]ont^e^'ity aiul reproduction on tlie other. 
In coinnion with animals. Hies have special f(.»<Kl rcrpiirements 
wliich are bioh)|rically interwoven with such factors as health, 
longevity, reprodiniion. etc. (Irowth cannot be in.-^erted into 
tlie.-^e j)liysiolo^icaI exjtressioiis of food \ alues. as is the case with 
rats (Osborne and Mtuidel^ tor a tiy does not prow. It emerges 
from the ])Upal stape as an adult at whicli tit lie its food retpiire- 
nients are absolutely different from the maggot food require- 
ments. (>n(‘ can liardly imagine a greater change in diet than 
exists between that of the maggot anditsadult fly stage. Perhaps, 
fundamentally, the dilTereiu’c is not so great, but superticially 
it seems enormous. 

Some work has been ilnjie on the food reijuiremeiits of maggots 
iiotabK’ bv IhigdaiuHv. (lUyenot. A\ollmaii. L(>eb, Xoithrupand 
lbiumbei’g<u'. Miu'h is known in regard to tlie attiacti\ene>> 
of \:u ions t y jies (il loods to adult Hies. Howrird. Xuadl. ( oaham- 
Smith, Pairows. Hewitt. Richardson. Ihshopp and others iiave 
given this subject much attention, and the entire matter of 
]>oisonous llv baits and traps is intimately associated ^\ilh theii 
labors. No one, however, with the exception of (uiyenot. has 
given the subject of tlie food requirements of adult Hies any 
serious attention. 
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Since the food requirements of adult tlies was forcibly im- 
pressed upon the writer during tlie course of his experiments in 
1921, he concentrated on this subject in 1922 and obtained data 
for tlie lunise-fly (Musca domes! ica), the biting stable fly (Sto- 
moxys calcitrans), and the cattle horn 11 y (Lyperosia irritansi. 

MKTIIODS 

The food experiments were ])erformed continuously from the 
first of May until the first of November. Musca domestica .‘iikI 
Stomoxys calcitrans were reared in Imrse manure, and Lyperosia 
irritans in cow dung. As so<in as the adults emerged they were 
removed and slightly etherized, so that the sex of each lamid ha 
determined and males and females segregated. The males and 
females, necessary for a particular exjieriment, were then placM'ii 
together in a sterile six-oiUiee. wide-ino\ith bottle, (‘nttmi 
gauze tojts held in place hy rubber l>ands kept the flies fn >ni 
escaping. The flies were fed by permitting the li(iuid or scaai- 
liquid food to dro]) upnn tlie gauze to]) from a pipette, 'fliif'r 
drops from an ordinary, sterile j)ipette are usually sutheient fm 
from six to tweKe flies. The third drop usually falls (hromzli. 
which is a good thing, since* twt) or tliiaa* individuals in a boitlr 
always seem to prefer to take theii* food at the bottenu insievid 
of at the gauze to]). Feeding. (Migorgement with the eonsr- 
quent tremendous sw(‘lling the ahiloiiien, and the ])assage n: 
feces later are all indications tliat the food offered has heri! 
acee])ted. All food was ])re])ar('d under slei’ile <’omlitions and w i- 
stored jui ice. Heion' feealing the food was warmed to .’^7 ot 
38A Kx])erience has shown that it necessary to fee<l tin - 
daily without excej)tion. No advaut.age* is gaimnl hy feeding 
M. doinestifai fjr Stomoxys more tliau onr-e a day, but Ly{)ero'i.i 
irritans must be ])ro\i(.led with fresh stmile blood twice d.tily. 
in the morning and in tin* e\eniiig. Fnless this rub* is adlu'U'il 
to rigidly the worker will obtain an unduly high starvation 
mortality which will s<*riously interfere with his ex|>(*riments. 

As a matter of routine, the flies were transferred to fresh si«'ril'' 
bottles three times a week and fresh tops re])laeed the old ones. 
Howf3V(*r, if a t)articular bottle became unduly .soiled, the Hies 
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weie tiansforred to a fresh bottle as soon as the condition was 
noticed. It is iinjjoiiaiit to watch the bottles, because flies 
become soiled easily with Ihjuid or semi-liquid food, especially 
when old and weak. lien in this condition they frequently 
stick to the wh(“re they die of hunger or exhaustion. When 
found in this jiredicamcnt and still alive, they can be saved by 
remo\'ing them with a pair of l}lunt foi’ceps and washing them off 
under a gentle stream (d water from the tap. In most cases 
flies so treated will recover and appear normal the next day. 

All bottles were examined twice daily (mt)rning and evening) 
for dead tlies and all such were immediately removed. At this 
time the living and dead were counted and recorded. A note was 
also made of the eggs if any were present. 

j:\'P3:}UM}-:N rs with m domestica 

Tables 1 and 2 'pages oSb tb represent the results obtained 
with the adults ot tlie house-lly. I'he tables are self-explanatorv 
with the ta\ee])tion of a f(‘w matters ill at need further elucidatioid 
d’he dilhaent food tests were geneially not jiei-formed at the same 
time, for as stated jireviously llie entire* work extended from Mav 
te) NoveanixM’. Also, the tests with one type of fe)od were not 
peafoi'iiH'd togethe*r, I'or instaiu'e. in eases where e)nly two tests 
were receirdeal on the table one* may lia\ e* been made in June and 
tlie* otliea in Se*j)teml)er. lieae* a large series of tests are recorded 
the experiments were begun at iniervals throughout the season, 
dhis remo\(*s the possil)le criticism that here and tliere I may 
ha\ e dealt witli a w(‘ak ni- :i distaised brt'od of tlies. for many of 
tli(' exj)erim('nts <if a similar kind were ])erformed with separate 
hreetls. In a large series it was often necessary to make more 
t han oiu‘ t<'st w itli t la- same breed, but this was ne\ er done with a 
small series invob ing only two or thrO(' trials, d'he tlies used 
were all (d normal size and well formed, showing that the 
laiA'al food liad been sutheient. 

In th(' (‘xperimenfs given in tables 1 aiul 2. the bottles which 
contained mixed sexes liehi three males and three females. In 
those cxjierinumts in whieli only one sex is recorded either six 
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males or six females wore used. The second vertical column gives 
the type of food used. Tn the first two experiments no food was 
given to the flies. In the following four experiments bouillon 
was given. This bouillon, used in much of the work, came from 
the same laboratory lot. It was made from veal muscle and had 
a pH of 7.7. The lot contained 0.5 per cent NaCl and 1 per cent 
peptone. The bouillon was not fermented, but no sugar was 
added and it therefore contained only a trace of dextrose. 

In experiments VII to X, inclusive, clear horse-blood serum 
was used. This was pipetted off from fresh, defibrin a ted, centri- 
fuged blood and stored on ice. 

In experiments XI and XII, the egg white froin a hen’s egg 
was removed under sterile conditions, diluted one-half with water, 
stirred and stored on ice. 

In experiment XIII, 2 grams of coinniercial insoluble potato 
starch were added to 10 cc. of bouillon. This food was shaken 
each time prior to warming and feeding, the starch remaining in 
suspension. 

In experiments Xl\' and X\', ;i piece of lump sugar was simply 
placed in the bottle and left there during the ecjiirse of the experi- 
ments. In ex])eriments X\T and XMI, the him]) sugar was 
supplemented daily with three ilrops of distilled water. 

Experiments X\TIl to XX\T, inclusive, table 2, show that 
the lump sugar was .supplemented daily with three dro])s of 
bouillon. 

In experiments XX\dl and XX\ III, the flies were fed with 
three drops of a solution made up l)y adding 1 ee. of a strong 
glucose solution to 10 cc. of bouillon. 

In experijnents XXIX and XXX, luiii]) sugar was su|)])Ie- 
mented with horse- blood serum and in XXXI and XXX If, 
serum was used in conjunction witli glucose at the rate of 1 cc. 
of strong glucose solution to 10 cc. of defibrinated horse-blood 
serum. 

in experiments XXXI il and XXXIV', soluble corn stare!) ])lus 
bouillon was used. 2 per cent semi-liquid starch paste was 
made by adding 2 grams of soluble starch to 100 cc, of bouillon. 
Some of the bouillon was lirst brought to a boil, after which a 
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suspension of starch in n not her portion of the bouillon was added 
to the boiling portion. This was stirred, brought to a boil again 
and removed. On cooling, the mixture was transparent and clear 
in color. Since the soluble starch is prepared from the insoluble 
form by the action of weak acid, a considerable amount of dextrin 
may have been present in this food. Tests seemed to confirm 
this belief. 

In the last experiment, XXX\*, the insoluble potato starch 
and bouillon were again used. In contradistinction to experiment 
XIII, however, the mixture was heated until a thick, semi-liquid, 
cloudy paste was produced. 

In the columns I to b, are Inserted the number of days it took 
one, twf>. three, four, fi^'e, and six flies to die respectively. In 
these columns also the proportion ot the sexes is given when tliese 
were recorded. 

In the last live columns are recorded the number of 
days when o\'ipositions occurred. Tal>le 1 shows only one 
such o\iposition, Imt table 2 shows a much greater record. 
\A‘hen the number of eggs laid were large and normal, the day 
on which it took place is merely given. AVhen tlie eggs were 
few in number, this fact is also recorded: when subnormal 
to a degree an actual (‘oiint of the eggs was made. By a normal 
number of eggs is meant batches var> ing l)etween oO and 100 or 
more eggs, while a few constitutes about 25. 

Hutchison (’10 1 found that the iiouse-tly females in captivity 
never lav more than two lots of eggs, dlie present writer repeated 
this observat ion in 1021 and thinks it in the main correct although 
Hewitt re])ortotl four batches per fem.alo in his exjioriments. 

From tln^ o\i]iosition columns in the experiments on Tables 
I and 2, it is iupmssihle to attribute the number of depositions 
and the number of eggs to any jiarticular female for the reason 
that isolated pairs w(‘re not used. 'I'lie lUiirs were not isolated 
for two reasons. First, the writer c<ni finned the results of 
Hutchison I’lO), who found that in experiments in which only one 
nude and one ban ale were used, the females (^fton refused to lay: 
whereas the reverse happened in experiments containing a number 
of pairs. HutcFison found that only 24 per cent of isolated pairs 
<le])osited eggs in contradistinction to t>3 per eent dej'iositioiis 
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by a larger number of pairs. Hutchison calls this phenomenon a 
‘psychological factor’ and calls attention to the observations of 
Bishopp, Dove and Parman ('15), who found that adult female 
house flies are in the habit of associating in large numbers at one 
particular spot for the purpose of oviposit ion. Hutchison further 
states, “the Isolation of a pair of flies is an libnoriual condition 
which has its inhibiting elTect.” Secondly, concentration of 
numhers of flies had other advantages and it I'eally did not 
matter whether pairs were isolated or combined, so long as the 
same number of pairs was used, for the writer was interested in 
the effect of various types of food on the total number of ovi- 
posit ions and the total number of eggs laid. 

In the interpretation of the house-fly ex])Ciiments, tables 1 and 
2, the following facts are clearly discernible. When no food is 
tendered adult house flies in the summer, they die in from one to 
two days. When an almost pure pr(nein diet is offered in the 
form of veal muscle bouillon, horse-blood serum or wlnte of egg, 
the longevity is slightly increased although this type of food 
is clearly lacking in some essential rerpiircment. The same tiling 
may be said of bouilhm and insoluble starch although in com- 
parison with other starch foods, it is in exjieriment XI 11 not so 
much the lack of something as it is the nature of tlie food olfered. 
The adult flies are unable to handle raw starch grains. This 
handling nia\' be a meclianical difliciilty for (Jraham-Smitli and 
Hewitt have shown that the proboscis of the hou.^e fly is adaiited 
only to the absorption of liijuid or li(|uefied food. For further 
information on this point, the reader is referred to the extended 
and careful anatomical and experimental resoa relies by tlie above 
mentioned authors. On tlie other hand, the <[uestion here, the 
handling of raw starch grains, may be a digestive matter with the 

fly- 

When lump sugar (sucrose) is given alone or in conjunction with 
distilled water, a change is e\'ident as may be seen by consulting 
columns T dead’ and ‘f) dead’. In general the length of life of both 
the shortest and longest-lived individuals is increased appreciably. 
Also for the first time oviposit ion occurred, as is sliown by experi- 
ment XVH in which six eggs were deposited on the thirteenth 
day. 
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Sucrose alone, then, in coirip arisen with no food, a protein, or 
a protein plus an unbroken starch grain diet is an important 
factor in the longevity of house-flies. The influence of sucrose 
alone on oviposition is not so striking, but later experiments show 
that it is highly ijoportant. 

1 he data on lump sucrose plus bouillon shoAv that the longevity 
of the shortestflived and longest-lived individuals is still further 
extended. Indeed this type of food, as well as one or two others 
to follow, reached all exiierimental records for the duration of life 
ot summer flies. It is a well known fact, observed by Hewitt. 
.Jepson and (irifhth. that sununer flies in caf)tivitv are shorter 
lived tljan winter generations. Jepson (■()!)i found that by rearing 
fli('s in lebi-uary some individuals could be kept alive for eleven 
and a littlf wcu'ks. In the summer, liowever. he \\ as unalile to keep 
flies alive in (^jiptivity for more than three week-. Hewitt 14), 
und(‘r tli(‘ be-t food conditions, was never able to exceed seven 
weeks for his oldest (^a)Uive house-flies. Hutchison found that 
tlie longevity- of liis summer and fall flies varied from 1 to 54 
days witli an aritlimetical mean of 19 4- days. 

In the ])resent writer's experiments on the most suitable foods 
for flies [exptM-iments XI II to XX XW inclusi\en the longevity 
of the flies varied from '2 to 57 days, with an arithmetical mean 
ol 204 da\s. Tfie longest-li\Td individuals liad an arithmetical 
mean of 34 4- days. 

In so far as <)\'i]>ositij>n was concerned, a great many eggs were 
obtained \Niili lmn)i sucrose atid bouillon. Siiu'C in experiment 
X\ 1 1 1 tudy jnah's were nsetl. no eggs were expected. It is inter- 
esting to note that in exiieriments XIX to XXII. inclusive, where 
double the ordinary number of females was used the number of 
ovit)ositi(ms was far less than in exjieriinents XXI 11 to XXVI. 
im'Iusi^-e. in whitfli etpial numbers of Itoth sexes are represented. 
Three of the last ones dead in the pure female lots were dissected 
and found full of eggs, so the inability to lay more in comparison 
with tlie females in tlie mixed sex I<us seems tc^ point to an egg- 
laying stimulus derived from the male sex. .Vs will he shown 
later, lids phenomenon was also observed in Stiunoxys. It might 
be well to mention in this connection that many egg-hatching 
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tests were made with infertile eggs, i.e., eggs from pure female 
lots and with fertile eggs from mixed sex lots. The eggs from the 
pure sex lots, as expected, did not develop, so natural partheno- 
genesis may be safely excluded. 

In general, the balance of the foods used (experiments XXVII 
to XXXV) compares favorably with lump sucrose and bouillon 
with perhaps the weight on the side of the latter combination. 
It is further interesting to note that whereas insoluble starch in 
suspension cannot be used by flies, soluble starch or hydrated 
starch in which the gniins are broken by heat can be eaten and 
digested accompanied by an increase in longe\ity and by the 
production of eggs. 

In 1916, Hutchison, in some work on the preoviposit ion ])eri(Kl 
of the house-fly, found a variation from 21 to 23 tlays. In the 
present writer’s experiments in. which ovipositions occurred in 
mixed sex lots, the preoviposit ion pei’iod varied from 11 to 24 
days with an arithmetical mean of lo days. This result seems to 
agree more closely with that of Hewitt (’07) who found the pre- 
oviposit ion period to be 14 days, (iriffith f’08) found that 10 
days were consumed by the preoviposit ion period while Rogdanow 
(’03) claims that 6 ilays is sufficient. Differences in food, tem- 
perature and humidity tiiay ha^'e ])layed a ])ai't in tlie production 
of the minor variations in the length of the ])reoviposition periods 
obtained l>y the writer and Hewitt on the one hand and (irifhtfi 
and Rogdanow on the other. However, the writer (piestions 
Hutchison’s miiiitnum j)reovii)()siti()n period of 2’> days. Adult 
female tlies on emerging must IvdVQ ample suitable f(Jod and time 
for the full development of their ovaries and this, it seems, could 
rarely be accomplished in 2! days. Dissections of females at 
intervals of 1 to 14 or 1.1 days performed by the author convinced 
him that Hutchison’s result is very exceptional.- The length of 
the preoviposition period is undoubtedly influeticcd by tenijiera- 
ture and liumidity as Hutchison found, but it is also influenced hy 

-Moreover sexual activity oji tfie part of tfjc inali’s tisiialiy ota-urred only 
after a nunilxT of days, Males and f(‘tnaleH in ooitu were not observed in (he 
experiments jjrior to the fiftli day, nithouv;li it may have taken place before 
unoh.servfMl. 
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food and probably by a stimulus derived from the male sex. ddie 
(juestion of food and stimulus from the male sex are certainly 
noticeable in the duration and degree of oviposit ion. 

By consulting the lowest and highest longevity columns of all 
experiments i)ei'foi“mod with mixed sexes, wherever sex mortality 
records were kept, it is apparent that female house-flies live longer 
than the males, d'his is not a striking point, but conforms with 
what \vc know* of the longevity of male and female insects 
generally. 


SI MMAItV OF M. IXKMKSTICA PA'PFRIMKXTS 

1. In the summer house-flies reared iu (‘apti\’ity witlunit food 
die in fniiii one to two days. 

1- . Iteaixnl liousc'-llies live only a short while one to eight daysi 
on a diet of prot(mis. or products of j^rotein liydrolysis and no 
eggs ar(' laid. 

3. Ib'anal house- (lies ]i\ c only a sliort while two to three days; 
on a raw star(‘h diet and no (^ggs are laid. 

-1. On a diet of sucrose the k)Mgevity of the hies is iiicreared. 
but no eggs are laid. 

5. On a diet of sucrose and distilled water the longevity is 
appn)ximat(‘Iy the same as in >4' and a few f‘ggs are deposited. 

ti. Oil :i diet of suemse and bouillon, -ucrose and Itlood serum, 
glucose and l)ouillon. glucosf' and l)ioo(l serum, the kmgevity 
and degna^ of egg dcjinsiiion reac'h tlieir maximum. 

7. Ou a diet of s(jlul)le stan’h and bouillon or hydrated starch 
and bouillon the longtwity of housc-lhes is liigh and eggs are 
d('jM)sited. 

S. On the most suitable foods the longevity of M. dome.-tica 
varies from 2 to 57 days, with an aritlmictical mean of 2b— days. 
I'ho longest-lived individuals had an arithmetical mean of to- 
days. 

9. 'rhe pre«)vipositiou |>ci'iod of M. domestiea varies from 1 1 to 
24 days with an arithmetical mean of 15 days. 

JO. hem ale house-ilies when isolated from males lay fewer eggs 
than females that have associated with males. 


Jtx KN U, OF IM'KKINUNTU. V, WU. .'i>, NO 
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11. As was expected, eggs laid by females in pure female sex 
lots did not hatch when placed in breeding jars on suitable media, 

12. Eggs laid by females in mixed sex lots hatched when placed 
in breeding jars on suitable media. 

13. In general female house-flies live longer than males. 

CONCLUSIONS 

From the experiments given it is justifiable to conclude that 
sugar or some form of starch that can be eaten and assimilated 
is an important factor in the longevity of adult house-flies. 
Also, sugar or assimilable starch, together with a solution of 
proteins or ]u‘oducts of protein hydrolysis, like bouillon or blood 
serum, are necessary oviposit ion factors. 

Types of food while important for the production of eggs arc, 
however, not alone responsible for the degree of oviposit ion, i.e., 
for the number of depositions and total number of eggs. As has 
been shown, the male sex furnishes an important stimuhis, the 
nature of which is unknown. 

UXPEHIMU N'rs WITH STOMOXVS CALCITRANS 

B\' consulting table 3 (page 307 1 it can be seen that Stonioxys 
readily engorge on warm (3o to 37 ^(/,) dolibrinated whole cow or 
horse blood and that the longevity of the longest -lived individuals 
is quite high. The longevity varies from 3 to 46 day.s with an 
arithmetical moan of 20+ days. The longest -lived indi\’iduals 
had an arithmetical mean of 35+ djiys. This is approximately 
the same as the mean obtained for the house flies. 

In the mi.xed sex lots, exi)orimenfs I to \ II, incliisi\'e, one als(» 
notices that a large number of oviposit ions rarurred with the 
deposition of a large number of eggs. I'ixi)eri]nents \ 111 to XI. 
inclusive, represent pure female sex lots and the same phenomenon 
occurred as was observed in the house-fly. In experiments VUl 
and IX no eggs were laid, and in experiments X and XI, only a 
very few were deposited. A number of the longcst-liv'ed females 
that finally died in these experiments were dissected and the 
ovaries were found full of ova, so again as in the house-flies the 
food given could not have been held responsible for the failure to 
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oviposit. Moreover, as was shown, oviposit ion occurred on the 
same food in mixed sex lots. The male again, as in the case of 
house-flies, exerts a stimulus on the females which influences 
them to lay. 

The fertility of the eggs obtained in j nixed and pure sex lots was 
tested by placing them on suitable media. Eggs from mixed sex- 
lots hatched and second generations of Stomoxys were reared. 
The few eggs from the pure female experiments failed to hatch. 

On defibrinated whole blood the preoviposition period of 
Stomoxys varied from 9 to 13 days with an artificial mean of 
10 -h days. This is slightly less than the mean for the house-fly 
preonposition period, but the diflerence is probably d\ie to the 
fact that the number of experiments performed with Stomoxys 
was less than the number of house-fly experiments from whicli it 
was possible to base the cal (‘illations. 

On table 4 (XII to XXI 1, inclusive) are found experiments 
performed with two blood fractions, namely, one set with serum 
and another with the cellular elements, i.e., the red and white 
cells. It might be well to state that the flies completely engorged 
on either blood fraction. 

In experiments XII to X\'I. inclusive, the flies wore fed with 
clear serum free from cellular elements. It will be seen by con- 
sulting the ‘1 dead* and ‘o dead' columns that the longevity is 
less than is the case when flies are fed defibrinated wliole blood. 
Furthermore, no eggs were laid. 

In experiments X\d[ to XX, inclusive, the Slomoxy.s were fed 
simply with tlie cellular horse blood elements. This food was 
prepared by pipetting off the serum from centrifuged deflbrinated 
blood and then washing and centrifuging three times witli 
Ringer’s solution. After the last centrifuging the ui)p(M’ Ring(‘r’s 
was again pipetted of! and (he colls ii^ suspension in the remaining 
liquid used. By consulting the table, it is scon that in general 
the longevity of the flies was less than was the ca.^e when they 
were fed serum. Also no ovi])ositions occurred. 

In experiments XXI and XXII, the two separately treated 
blood fractions were again combined and a return to normal was 
observed. Longevity was again increased and many eggs were 
laid. 
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Experiments XXII I and XXIV were simply performed to see 
whether Stomoxys would engorge on any other liquid food besides 
blood. As was expected they engorged, but the longevity was low 
and consequently no opportunity was offered for the develop- 
ment of the ovaries. 

Lastly, an experiment not tabulated was performed. Two 
bottles containing each two male and three female Stomoxys 
were daily inverted on the shoulder of a cow. The flies wore 
permitted to engorge after which they were again removed to the 
laboratory until the next day. Flies so treated and fed (fresh, 
undefibrinated blood) lived no longer nor produced more eggs 
than flies fed on warm, defibrinated blood which had been stored 
for a week or more. 

SUMMARY OF STOMOXYS CALCITKAN.S EXPERIMENTS 

1. Reared Stomoxys engorge readily on defibrinated, whole 
horse or cow blood when the latter is warmed to a temperature of 
35to37"C. 

2. The longevity of reared Stomoxys fed on defibrinated blood 
varies from 3 to 4b days, with an aritlimetical mean of 204- days. 
The longest -lived individuals had an arithmetical mean of 35-4 
days. 

3. When fed defibrinated blood reared Stomoxys in mixed sex 
lots oviposit from three to seven times and lay many eggs. 

4. Reared Stomoxys pennitted to engorge daily on a cow 
(undefibrinated blood j live as long and lay as many eggs as flics 
fed defibrinated blood. 

5. Female Stomoxys when isolated from males lay fewer eggs 
than females that have a.s.sociated with males. 

b. Eggs obtained from mixed sex lots hatch, develop and pro- 
duce another generation of flies. 

7. Eggs obtained from pure female sex lots do not hatch. 

8. The preoviposit ion period of Stomoxys varies from 9 to 13 
days with an arithmetical mean of 10+ days. 

9. Stomoxys will engorge on either the serum or the cellular 
fraction of the blood. 
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10. On a diet of scrum alone, the longevity is not as high as on 
a diet of defibrinated blood or when flies under experimental con- 
ditions are permitted to feed on cows. Xo eggs are laid. 

11. On a diet of the cellular blood elements the longevity is very 
low. No eggs are laid. 

12. When the two blood fractions are artificially combined again 
longevity and oviposition become normal. 

('oxcj.rsioNS 

Defibrinated cow or horse blood is an appropriate food for 
adult >Stomoxys. On this food one can obtain many fertile eggs 
which will develop and produce another generation of flies. 

In so far as longevity is concerned, the serum is probably the 
most important factor, but both the cellular elements and the 
serum are essential towards the production of eggs. The food, 
however, is not alone responsible for the degree of oviposition, 
i.e., for the mimber of depositions and total number of eggs. 
As has l^een .-^hown with the house-fly, and can be more strikingly 
demonstrated in this form, r^tomoxys males exert an important 
stimulus (Ui the females, the nature of which is unknown. 

KXPI-UIMKXTS with LVPTRCSIA IRRITAXS 

The work with the horn fly olTered certain difficulties not fore- 
seen at the start. Since Stomoxys was bred so easily, the writer 
considered tliat work with another bloodsucker would be rather 
more of a duplication or verification of results than anything else. 
This method of reasoning ^oon proved to be superficial, as is the 
case with so jiuich biological theori/ing from analogy. Lyperosia 
is a much more liighly specialized parasite than Stomoxys. It 
is really a winged, obligatory, ectoparasite confining its attention 
exi’lusively to cattle on which it remains day and night, like a 
louse, with the exception that at intervals females with mature 
eggs dart down to fresidy deposited cow dung for the purpose of 
oviposition. Having accom]ilislied this function, they return 
to the cow where tiiey either feed again or rest. Stomoxys is also 
an ectoparasite, but its parasitism has a wider range of hosts. 
Jt attacks horses, mules, cattle, sheej) and Imgs; frequently 
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poultry, and even man at times. Stomoxys, moreover, does 
not remain on its host continuously, but after engorgement 
usually flies olT to some more or less distant j)lace to oviposit or 
to some undisturbed place for the digestion of its meal. This 
species also breeds in a greater variety of media such as horse 
manure, fennenting straws of various sorts and according to 
Rishopp (T3) it has been found to breed in cow*lot manure when 
mixed with waste feed and in ensilage. 

The writej* does not wish to convey the impression that ho 
offers higher specialization as an explanation for certain diffi- 
culties encountered in his ex])enments with Lyperosia but merely 
wishes to imply that specialization creates difficulties; it docs not 
explain them. 

The matter of rearing Lyperosia irritans beyond the lirst 
generation is still a problem, but some ])rogress has been nunle 
and therefore the results had best be presented. Judging from 
the literature, no one seems to have attempted to rear this species. 

On tables o and (5 are found the results obtained with the horn 
fly. These two tables do not ai)pear quite as neat as the others 
for the reason that tlic writer was often compelled to bnake u|)' 
sex lots in different proportions. This was due to the fact that on 
the predicted day of emergence a special kind of food had been 
prepared and the flies had to be used as soon as they a]>peared- 
Xow, it (.)ften happened that on one day very few adults appetired. 
and on the other very many issued. Still, the Mies had to bo fed 
in spite of large or small numbers or a disju’oportion of sexes, an<l 
so, in order to use the new Mies and give them the benefit of th(‘ 
fresh food, much juggling had to be resorted to and the result is 
the appearance of the two tables. However, the facts are there 
disclosed and are in no way influenced by the number of Mies 
used or the proportion of the sexes. 

In 1021, the writer noticed that when horn Mies were taken 
from cattle and placed in breeding jars, they laid many eggs. 
As a matter of fact, gravid females very often ovij^ositod in the 
collecting bottles before an opportunity was given them to lay 
on a proper medium. Eggs laid in the breeding jars on cow dung 
hatched, the larvae developed, and the first generation of reared 
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adults was obtained. Frojn ^this point on/ however, the story 
began to differ from that of Stonioxys and the house-fly. First 
generation reared adults artificially fed consistently failed to 
lay eggs and, therefore, it has been impossible to rear a second 
generation. 

In 1922. the writer planned a large series of experiments for the 
purpose of throwing light on this interesting situation. The 
results of these experiments did not clear up the matter, but a 
number of interesting things were, nevertheless, unfolded. 

Experiments 1 and II (table o) are tyjiical representatives of 
what occurs when wild males and females are taken from cattle, 
placed in bottles and fed twice daily with delibrinated, warm cow 
blood. The flies although they engorge and remain alive in 
captivity for from two to twenty-five days, cease laying eggs 
in from three to five days. 

To determine, if possible, wliich sex was at fault experiments 
III and IV were performed. In these, wild males were phased 
in bottles with first generation reared virgin females and fed 
defibrinated cow blood. Reared males were not inated with wild 
females because it is impossible to determine without sacrifleing 
the females whether ijupregnation has occurred or not. In ex- 
periment 111 one pale egg was deposited on the thirteenth day, 
andinexperhnent 1\' fifteen pale eggs were deposite<l on the seven- 
teenth (.lay, and three on the twenty-third day. These ninetiaai 
eggs collapsed in a few days and failed to hatch on (‘ow dung. 
The two experiments demonstrate notlung in regard to the males, 
but they show that the females are affected either by tlie food, 
treatment, or both. In the first place, the females laid ^'ery few 
eggs and in the second place the chorion was devoid of all |)iginent. 
The normal eggs of wild Lyperosia arc a brown color, ddietwo 
last females in experiment IV were killed and di.s.secte(l on the 
thirtieth day. The ovaries ap[)eared normal and contained early 
ova. Apparently most of the ova progressed up to a certain point 
and then development wjis arrested. 

The remaining experiments on table 5 (experiments to XI\/ 
inclusive) represent mixed cultures of first generation roared 
males and females fed eithet defibrinated cow or horse blood. 
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No eggs wore deposited in any of the test bottles. In experiment 
VII, the last fly alive lia})pened to be a male. Both testes were 
reino\'ed, examined and found superficially normal. These 
organs were triturated in warm physiological salt solution and 
it was found that the spermatozoa were inactive. The testes of 
ju>rmal wild jnales were compared at the same time and in these 
the mature s])erniatozoa slnjwed activity by way of undulations. 
Similar ol>servations were made in experiments XI and XIII, 
with the exception that a few’ slightly active spermatozoa were 
seem The activity, however, was not at all like the agitation 
found among the s])ermatozoa of the control wild flies examined 
at the .‘^ame time. Judging by the age of the experimental males 
and from cvtological evidences, it seemed that spermatogene.sis 
had ])rogressed nonmilly and had had ample time. In experi- 
ments X .and XII, the last females dead were examined. The 
(j\'aries setaiicd normal and were full of early ova. 

'fhe cit rated whole blood foods given on table 0 cojitained 0.1 
])er cent of sodium eitrate. Ammonium citrate was first used 
on another set of flies, but tliey would not eat blood so treated. 
However, the flies regularly engorged on lilood eoiUainiiig the 
sodium citrate. hen glucose was added to the citrated whole 
t)lood or dehluinateii blood, this was done by adding 1 ee. of a 
st rong glucose solution to lOcc. of [flood, (ilucosewas added 
ill exjx'riments X\dII to XXI II. inclusive tor the reason that 
this sugar is tlie one found in noi’iiial t)lood aiul the possibility 
existed tliat it miglit iiave Ixam gradually 'broken down alter 
tlie blood fi.ad been removed from the cow or horse. An attempt 
was merely made to restore to the blood one of the cniistituents 
th.at might ha\ (‘ undeigciiie .a {‘haiigic As can l)o seen from the 
tables, no oviposit ions c)ccurrod as a result of the use o\ this food. 

'['he possibility also existed that the lli(‘s under normal cimdi- 
tions obtain certain tissue extraiUs that affect reproduction. In 
]>uncturing the skin of a cow, the prob()scis of the flies before 
reaiJflng the ca])illaries undoubtedly often penetrates through 
a number of tissues, such as skim connective tissue, and possibly 
muscle. Extracts derived from these tissues might Inn e a stimu- 
lating eflVet upon the sex glands and reproductive organs goner- 
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alh^ Therefore, extracts from cow-ears and cow-livers were 
prepared and added to dehbrinated cow blood. The external 
ears were chosen because here in one organ a number of tissues 
are represented such as skin, fascia, and muscle. Five drops of an 
aqueous extract to 10 cc. of defibrinated blood were daily given, 
but with these foods, as can be seen from experiments XXIV to 
XXV H, no eggs were obtained. 

In experiments XX VI 11 and XXIX alfalfa extract, in the same 
proportion as the tissue extracts, was administered daily with 
the blood, but no eggs were laid, Alfalfa is known to be rich in 
\'it amines and was used for this reason. 

It was also thought that possibly the addition of ^■arious salts, 
particularly calcium, might have a stimulating effect so the last 
two experiments were pei’formed by addir/g Ringer’s solution to 
defibrinated cow blood. The result demonstrated nothing of 
importance. 

The reared flies when artificially fed with the various types of 
foods lived from 1 to 24 days. The longest-lived individuals Inid 
an arithmetical mean of 20 days. 

Judging from the few abnormal pale eggs, laid in experiments 
III and [\ \ on table o, the preoviposit ion period of the horn-fly 
lies somewhere near the thirteenth or seventeenth day after 
emergence. 

srMMAUV oi- lATKROSl V niKlTAXS KXRKRIMKNTS 

1. Lyperosia iriitans gravid females when removed from cattle 
and placed in breeding jars lay many eggs. 

2. I.yperosia, up to the present, cannot be reared artificially 
beyond the first generation of adults. 

3. First generation reared adult females in captivity lay no 
eggs. 

4. Wild ]nales and females taken from cattle and fed twice 
daily with defibrinated, warm cow blood reinaiiied alive in 
captivity for from 2 to 2o days, but cease laying eggs in from 
3 to 5 days. 

o. Experimental evidence is advanced to show that the repro- 
ductive organs of the reared and artificially treated females arc 
affected. 



KOOD, LONGEVITY AND REPRODUCTION IN FLIES 409 

6. Observational evidence is advanced to show that the repro- 
ductive organs of the reared and artificially treated males are 
affected. 

7. Reared Lyperosia, artificially fed, live from 1 to 24 days. 
1 he longest-lived individuals had an arithmetical mean of 20 days. 

8. hrom two experiments it was possible to show that the pre- 
o\aposition period of Lyperosia probably does not lie far from the 
13th or 17th day after emergence. 

COXCLl .siox.s 

Although the first generation reared Lyperosia irritans can be 
kept alive under artificial conditions long enough for the devel- 
opment of tlie ovaries and testes, they lay no eggs. For this rea- 
son it lias been impossible to rear a second generation of flies. 
Wliether tlie food, the treatment, or both are responsible, it is 
difficult to conclude. 

The reproduct i\T organs of both sexes are affected, and it 
might be well to mention also an effect upon the nervous system, 
for sexual excitation and co])ulation have never been observed 
among any of the authfn’'s reared Lyjierosia adults. 


(il-NKUAJ. DISCUSSION 

it was seen from all of the foregoing work that flies are depend- 
ent upini c(a-tain tyiies of food which are closely correlated with 
longe\'ity and reproduction. It must not be assumed, however, 
that tlu* foods tendered were the only things that found their wav 
into the intestinal lumen. The part ])layed by various intestinal 
l)acteria was not touched upon in this study. Flies carry over 
l)acteria from the larval to the adult stage, as shown by Raeot. 
(iraham-Smitli, aiul others. This is os])Ocially true of house 
Hies which, as adults, also ingest microorganisms. These bacteria 
many of which multiply within the intestines may be the source 
of most of the vit amine requirements of adult flies. Of course, 
the flies may obtain enough vit amines in their larval food to carry 
them along as adults, but thi.s does not necessarily follow. Then 
again, some of the bacteria found in adults may play more or less 
of an accessory digestive part (^symbiosis) or may be more or less 
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pathogenic at times. Any of these possibilities may have an 
important bearing on longevity and reproduction. 

In the experiments outlined, no account was taken of the varia- 
tions in temperature and humidity occurring at dilTerent times 
during the season. Such ^’!lriations are known to have an effect 
on longevity and reproduction in other insects, as shown by 
Pierce's work on aphids. They may have had a probnmd effect 
on Lyperosia. 

Pearl and Parker ('22) intensiA'cly studied the duration of life 
of the fruit-(Iy, Drosophila melanogaster. These authors dealt 
with the effects of successive ethei’izations, <lensity of population, 
and ventilation on longevity. Such factors could not have jdayed 
a nMe in the work described l)y the present writer, l)ecause with 
the excej)tir>n of differences in the food all experiments were 
performed in the same way. d'he flies were only (‘(lierize<l once, 
only a few individuals were placed in each l)ottle, and the ^'entila- 
tion was good. 

The writer was primarily interested in tlie effect of food, and 
this interest arose out of practical considerations. He wished 
to raise large numbers of healthy Hies and keep them alive for 
di.sease studies. l^eas(jiial)h‘ precautions wore t;ik(ai to .a\’oid 
undue l)acterial contaminations and great fluctuations in t<an- 
pei'ature and humidity, ))Ut nothing moi(‘. l\’lu'thei- other f.-nUors 
luu'e an utiportant beailng on l(}nge\'iTy and re])roduction oi‘ not, 
need not cause much disturbaJice to the results obtained in the 
present work, d'he food issue is del ined sharply enough, espe- 
cially, 111 the case (ff the house-fly and Stomoxys so that oIIkm- 
variables when considered in tiie future will have a tendency to 
accentuate the re.suits here })reM‘nted ratlua* than detr;iet from 
them. 

For summai'ies jind conclusions on the work aceoinplislied with 
the three species of flies used, the reatler is relerre<I to the end ol 
the .sections dealitig with the house-fly, tlie biting stable-fly, and 
the horn-fly respectively. 
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AXESTHl'TICS AND COo OUTPUT 

II. DFXREASKl) (’AH BOX DIOXIDE OUTPUT AND RECOVERY FROM 
ETHER IX CERTAIN ORTHOPTERA 

JOSEPH HALL BODIXE 
Zoological Laboraforij, Cnirersitjj of Fennsykarda 

FIVE FKJURE? 

That auosthetics have marked effects upon the carbon dioxide 
output and the oxygen intake of organisms has been repeatedly 
pointed out by various investigators, Osterhout tl), Haas ( 2 ), 
(kistafson (d), Hrooks 4), ddionias (5). Irwin (G), r^mith (T), 
Inman bS), Hodine (0), and others. In order to study the action 
of these chemicals upon organisms more fully, particular attention 
has recently been given to the initial and recovery stages of 
anesthesia (7, lOb It has been shown for example, that ether, 
in the initial stages of its action. i)roduces in the case of plants and 
some animals an initial lowering of the rate of carbon dioxide 
output followed by a rapid increase and this in turn is succeeded 
by a fall. In gras.sho])])ers, however, no initial decrease in the 
rate of carb()n dioxide output in ether was detected Recovery 
from anesthetics in the ca.^c of plants has been shown to be of two 
types, partial and complete (S. 10). In the former a persistent 
lowering of the rate of carbon di(^xitle output takc^ place ^hile in 
the latter the organism returns to its normal rate of carbon 
dioxide out{)ut when nmmvcd from the action of the anesthetic. 
As a result of these investigations various imj)ortant questions 
as to the action of anesthetics have arisen. For example, just 
how far ean an anesthetic have a stimulating eiTcct and just when 
does anesthesia begin and wlieii do irreversible changes take 
place. 

Since no results for animals like grasshoppers seem to be avail- 
able. it was thought ilesirable to study in some detail the various 
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changes in the rate of carbon dioxide output undergone by 
different species of these animals during the stages of ether 
anesthesia as well as during reco^Try. The present paper em- 
bodies results obtained from such investigations. 

The material used in these experiments was various species 
of grasshoppers most of which were reared entirely under the 
usual laboratory conditions. Nymphs or adults of the following 
species were used: Chortophaga australior, Chortophaga viridi- 
fasciata, ^lelanoplus femur-rubrum, Melanoplus difTerentialis, 
Arphia xanthoptera, Encoptolophus sordidus and Dissosteira 
Carolina, These organisms have been found to be rather favorable 
material for respiration experiments because body movements 
can be practically eliminated by proper handling and manip- 
ulation of the animal. It has also been found that decapitated 
animals can be used as readily as normal ones thus eliminating 
to a great extent such factors as muscular tone as well as possible 
light stimulationj etc. Results from normal and decapitated 
animals, have been found, in the case of ether, to be qualitatively 
similar. 

Carbon dioxide determinations were made by the indicator 
method described in a previous paper (9). Briefly, the method 
is based upon the comparison of the color change of phenol- 
sulfonephthalein in the experimental tubes with that in standard 
tubes containing known amounts of carbon dioxide. By using a 
series of standard tubes containing graded amounts of carbon 
dioxide, the rate of carbon dioxide production by the animal 
from minute to minute can be conveniently followed. Reagents 
are added to both experimental and control tubes. Pyrex or 
non-sol tubes, 25 cc. in cajjacity were use<l tliroughout experi- 
ments. The average room temperature was 2)rC'. 

In expressing i*esults, the rate of respiration in each ctisc is 
expressed as per cent of the normal rate (which is always taken 
as 100 per cent). 

The concentration of ether used varies in different experiments. 
It has been previously pointed out that rather small doses of ether 
are sufficient to keep the animals anesthetized for long intervals 
of time (9). Similar doses for different periods of time as well as 
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different doses for the same time periods were used and are indi- 
cated in the descriptions of experiments which follow. Animals 
in all experiments were exposed only to. the vapors of the reagent. 

iernperature during any experiment was kept practically con- 
stant, ^'arying not more than O.o^C. 

higure 1 shows graphically the changes in the rate of carbon 
dioxide output typical for an animal when exposed to a reversible 
dose of ether,- a marked initial increase followed by a decrease 
ajul this in turn succeeded by an almost constant rate of carbon 



Fig. 1 Curves showini: the rlToct of oihcr, a reversible dose four drops to 
0.10 cc.) on the COj production of urasshop]H'rs. the ]>t>int marked 0 on the 
abscissa indicates the he^inninR of e\i)nsnre to etlior: i^revious to this the normal 
production of CO 2 was determined which is laken as UHi ]>er cent . The ordinates 
denote the rate of production of Ctb, cNprcssed as per ceiH of the normal, the 
abscis.sa, time in miniitcs. Curve represents the average obtained from thirty- 
five individuals. Tor further explanation see text. 

(linxitle oul})ut. The fart that a constant rate of carbon dioxide 
output nut in tains vhi reversible doses) doubtless points to the 
conclusion that ati equilibrium between the organism and the 
ether (at that ctmeent ration) has been est;iblished. No more 
ether is taken up by the animal once this ecpiilibriiim is established 
at a del ini to per cent of the reagent, if, however, the coiu’en- 
tration of tlie ether is increased to that of an irreversible dose 
more ether is taken up as indicated by a marked constant drop 
in the rate of carbon dioxide output. J^hafer (11), also pointed 
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out that in the case of a beetle, Passulus cornutus, no more ether 
was taken up by the animal at any per cent of the chemical after 
equilibrium was once established. 

The following general method was observed in recording the 
rates of carbon dioxide output during the recovery of animals froni 
ether. Animals were subjected to reversible and irreversible doses 
for varying lengths of time ranging from two minutes to one-half 
hour. They were then taken out of the etlier and the rates of 
carbon dioxide output followed until complete recovery occurred. 
During this process of recovery, various important clianges in the 
rate of carbon dioxide output, due to the rate at which dilYeront 
regions of the animal recovered from the anesthetic, were noted. 
Shafer (11), has shown that ether taken up by the tissues of an 
insect comes out at a slower rate than it enters. In order to rule 
out the effects of any ether which came out of the grasshoppers 
while in the experimental tube various experiments were tried. 
Among them the following may be noted. Etherized animals 
taken from the etherizing tube were put for \’arious periods of 
time, corresponding to the lengths of time they were kept in any 
one tube during a respiration experiment, into em])ty tubes and 
the tubes corked. Normal animals were then sul)jocted to tiiis 
small amount of ether which had csca])cd and it was found that no 
appreciable effects on their rates of cai;bon dioxide output could 
be detected, thus showing that in any recovery experiments the 
amounts of ether released from the tis.sucs of an animal while in 
the respiration tube were not sufficient to appreciably modify 
the rate of carbon dioxide output during recove A' experiments. 

Since the results obtained in those experiments are based upon 
large numbers of animals and are fpialitatively alike, the data 
can be best given by showing typical cases. 

Figure 2 shows graphically the recovery of animals after 
different lengths of exposure to ether. An examination of these 
curves shows that animals subjected to the reagent for an ex- 
tremely short time, two or three minutes (and this jicriod corre- 
sponds to the rapid rise in the rate of carbon dioxide output in 
the animals while in the ether (reversible dose) as indicated in 
figure 1), quickly return to the normal rate of carbon dioxide out- 
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put when taken out of the anesthetic. Respiratory movenaents 
in many sucli experiments did not cease and were not appreciably 
diffeient in late froni the normal, thus showing that this increased 
rate of caibon dioxide output follow'ed by a gradual return to 
normal could not l)c accounted for by changes in respiratory 
moyements. After fiye minutes' exposure to the ether, how’eyer, 



I'ig, 1 ('urvosshowing tlu‘ rritp of CO- output of aiiihuils after treatment with 
rever^ghle of oilier. The hr>t jinint on each curve denotes the per cent to 
winch tiie rate of ('( ). output liad readied when t he animals were transferred from 
tlie ether to air. Tlic ordinates denote the rate of ])roduclion of CO2 expressed 
.as per cent «>f the normal, the abscissae, time in minutes. Each curve represents 
a tyi)ical ex]>erinK'nt . 

Curve A shows recovery of animal from O.ir* cc. of ether for five minutes. 
He.spiratory tnoveinents ceased. I'hc first rise in curve due to return of respira- 
tory movements, —the second <lue to re Ilex inoviunents. 

Curve l{ same as curve A. excep! for anotiier -species of animal. 

('urve (' slunvs recovery of animal freun O.lfi cc, of other for two minutes. 
Respiratory moveinent.s did not cease. Eor further explanations see text. 

the miinutl also quickly royiyes but the recoyery is somewhat 
eomplicateil by oilier factors. Recoyery toward the normal rate 
of carbon dioxide tnitpuf occurs before any detectable moyements 
of the animal take place. Then follows a slight rise in rate of 
carbon dioxide output due to the return of respiratory moye- 
meiits. A few minutes after respiratory movements begin a still 
greater increase in rate of c.arbou tlioxide occurs due to violent 
tremors wbicii come over tlic animal. Movements are apparently 
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not at all inhibited by the central nervous system or brain at this 
stage of recovery. A short interval after this other movements 
dependent upon the functioning of the central nervous system or 
brain occur and the rate of carbon dioxide output then quickly 
returns to the normal. 

Figure 3 shows graphically the recovery from reversible and 
also the partial recovery from irreversible doses of ether. From 
this figure it is evident that in animals where partial reco\’ery 
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Pig. 3 Curves showing the rate of COj output of animals after t refitment with 
reversible and irreversible doses of ether. The first point on each curve denotes 
the per cent to which the rate of CCj output had reached when the animals were 
transferred from the ether to air. The ordinates denote the rate of production 
of CO* expressed as per cent of the normal, the abscissae, time in minutes. Each 
curve represents a typical experiment. 

Curve .1 shows irreversible effect of 0.16 cc, of ether for twenty minutes, A 
partial recovery of respiratory movements occurred as indicated by rise in rate 
of COj output. 

Curve li shows recovery of animal from 0.10 cc. of ether for fifteen minutes. 
Note rise in rate of CO* oiiti)ut due to return of respiratory and reflex movements. 

Curve C shows complete irreversible efTeet of 0,10 cc. of ether for thirty 
minutes. For further explanations see text. 


occurs, as in the case of partial return of respiratory movtui tents, 
changes in the rate of carbon dioxide outj)ut similar to tlios*'* for 
;‘eversible doses at this stage also take place. 

That the above described changes in the rate of carbon dio.xide 
output are not dependent or due to ])ody iiioveincnts, etc., is 
clearly brought out in figure 4, showing a tyi)jcal result for a 
decapitated animal recovering from a reversible dose of ether. 

The animal when decapitated has a lowei'ed rate (jf carbon 
dioxide output (due doubtless to loss of muscular tone, etc.) 
but when subjected to ether and allowed to recover changes in 
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the rale of carbon dioxide output occur much as for the normal 
animal, i.e., in the case of reversible doses the rate of carbon 
dioxide output gradually returns to the normal for a decapitated 
animal. 

ligure 5 shows graphically the incomplete recovery of animals 
subjected to fumes of ethyl alcohol. An almost constant decreased 
rate of carbon dioxide with no tendency to a return to the normal 
as in the case of ether occurs. Grasshoppers are apparently quite 
susceptible to fumes of ethyl alcohol. 



Eifi. 4 (.’iirv»,‘s sfiu'.s l i'c : Ill ; imt ( if a . the animal 

after (leeapitatiiin an<l tlien tlie recovery of tlie decapiiaieJ animal from 0.16 cc. 
of ether Otr five uiinuirs. The tirdinales denote tlic rate of j^roduction of CO; 
exjiressed per cent of tlie normal, tlic al>sci:i?ao. time in minutes, heft hand 
eiile of miildle ordinate shows normal rate of Ct>j output for intact animal and fall 
in rate due to decapitation. Hi^dit hand side of middle ordinate show? recovery 
of decapitated animal from ether. Tor further explanation see text. 

'Fhat recovery froiti ctlier is not identical to that of other 
reagents and that various chemicals react differently can be 
better shown by a comparison with recovery from cyanide. 
Ill a subsequent paper on the effects of cyanide on grasshoppers 
Some points relative to this topic will be presented. 

The question of the stimulating and narcotic effect of etlier is 
of much interesL It would seem, fnun a consideration of the 
recovery of grasshoppers from the cliemical, that stimulation 
doubtless takes place primarily during the time the marked 
increase in the rate of carbon dioxide output occurs and narcosis 
wlien tlu' tleeline to a constant rate follows. An animal subjected 
to ether for two to three minutes [ii reversible dose) shows no 
appreciable change in respiratory movements, appears quite 
normal and is not anesthetized. A decided increase in rate of 
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carbon dioxide results and a rapid and marked decrease to 
normal occurs when the animal is returned to air. Jt is ({uite 
conceivable that during this stimuhiting period the anesthetic 
exerts some effect on the cell membrane, with consequent per- 
meability changes, since reco^Try is then most rapid. Narcosi.s 
on the other hand, conceivably might occur when the anesthetic 
actually enters the cell or produces markeal perinea i)ility clianges, 
for it is at this time in the progiess of the etherization that 
recovery is relatively longest. That such changes might occur 
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fig. 5 Curves^showinglhc riito of (a ). output of itiuiiKils after treat mont with 
fumes of ethyl alcohol. The (ir^<t point on each curve denote.^ tlie per rent to 
which the rate of CO; output had reached when the aiiimaU were transferred from 
the alcohol fumes to air. The ordinat(‘S denote the rate of production of (T); 
expressed as per cent of the normal, the :il)scis.sao, time in minutes. Each curve 
represents a typical e.xperiment. 

Curve .1 shows irreversible etTeet of exposure to .alcohol fumes for .sev(-n min- 
utes. Curve B shows irreversible effect of ex[)<jsure for thirty minutes. For 
further explanation see text. 

are undoubtedly suggested b}' the results of Shafer (11) who 
found that at certain percentages of ether only a delinite amount 
of the reagent i.s taken up while the animnl is alive. Future 
experiments, however, must definitely decide just to what 
extent and when stimulation occurs and when narcosis begins 
and also what determines an inan'ersible change in the organism. 

Inasmuch as jdl degrees of recovery seem possible in grass- 
hoppers (^depending upon length of exposure and dose) the 
results above obtained are strikingly similar to those for [)hmts 
obtained by Osterhout and his students (12). 
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r^UMMARV 

1. Marked chjinj^es in the rate (jf carbon dioxide output in 
grasslioppers arc produced by ctlier. 

2. Changes in the rate of carbon dioxide output of animals 
removed fnan re\eisible and irre^'ersible doses of the reagent 
are pointed out. 

3. Hccovery fjom ether may be partial or complete. 

4. The order in which various parts of a3\ animal recover from 
ether is.- first the respiratory movements, then movements 
usually controlled or inhibited l^y the brain and finally the brain 
itself. 

o. Further invesngations are necessary to show when stimu- 
lation begins and ends and when nai-cosis and irreversible changes 
occur in animals subjected to ether. 

UITKHATUKK UTI KD 

1 OsTt-KHMiT I'.Un Jmir. UieiuTalPliv^i"^-. U p. 1 < 1. 

2 [Ia.\s 1017 vdl, 4 i'», -{I'U. 


a 

( IrsT.AiscnN- laps , lour. Ux^norai Physio).. 

VoP P p. 

4 

Mk() 1 )K.s IPP'' .Io\ir. ( leneral laiysioi,, voP 

, 1 . ]i. io;p 

■7 

Tuomas pus Jour. ( auieral IMiysiol . vo1 

. 1. )). 2o;p 


Ihwis pus Jour. Ucneral Pliysiol.. vol. 

1. ]>. 200. 

7 

Smith 1021 Jour. Uicncral Physio!., vol. 

P p, lo7. 

S 

Inm.as 1021 J(;ur. (Jeneral Phyeiol.. vol. 

4. p. 171. 

w 

PoniVK 1022 Jour. l'‘.\p. ZooP, vol. o5. ]> 

. :V2;P 

H) 

1021 Jour. Cleneral Physiol., vol : 

). p. r)ho. 


1‘iJl .Jour. (loiu'r.Tl Physiol., vol. 1. ]v U L 

11 SH^tKIt lall Mich. Aunc. t^per. Sta. Tech, l^ull. no. 11. p. 1. 

12 OsTt:iUMH T 1022 Injury, recovery, atul .icMh. in relaoon to condueliv.ty 

ainl prnuenliilii y . -T, Lipruncott, 1 hiladelpliiu. 




avthob’s abstract or thw PArtR msi ED 
by the BinL10tJRAI*HIC SERVICE, Ut/ KMBKR 31 


THE INHERITANCE OF CINNABAR EYE-COLOR IN 
DROSOPHILA M1:J.AN0(; ASTER, INCLUDING 
DATA ON THi; LOCUS Ol' JAUNTY' 

KOV KLWOOD CLAUSKX 
/ 'niiTTA'?/?/ of C'lUfornia, Borkdc)/. ('nlifornia 

During the svnnnier of 1U20 I became interested in the possi- 
bility of securing from nature variant forms of Drosophila 
melanogaster sinular to those which had been discovered as 
mutants in laboratory cultures. In order to obtain data on this 
point I trapped a nimiber of inelanogaster individuals at various 
places in Berkeley and reared their progeny in the laboratory 
to see whether or not segregation occurred in them. In only 
one case were any new forms secured by this method, but the 
number of in<lividuals tested was not large. Later, so many 
new forms appeared in experimental cultures that the task of 
studying tliem adecpiately became of more importance than the 
original problem. 

In the one successful case a single wild-type female was trapped 
in Strawberry (,'anyon on the grounds of the Vniversity of Cali- 
fornia on August lb, 1920, She was immediately tran.4erred to 
a culture bottle in the laboratory, without addition of a male 
fly, since she had evidently mateil previous to capture. Her 
progeny was given only a casual examination, but it seemed to 
consist entirely of wild-ty)ie Hies. A mass culture of these flies 
was established. The second generation of progeny exhibited 
segregation for two new jiriniary eye-(‘<flors: one a bright eye- 
color similar in appearance to vermilion, another a dark eye- 
color, somewhat like safranin: ami some flies had an eye-color 
appiirontly due to combination of those two colors, i^ome of 

' The writer indelited (<» Dr. D. U. Uriiijiips fur liis kiiuiiies^ in reviewinc: this 
pnj>iT while it w:is in niRnusrript form mu! for olTerin^ vR]u:ible snakiest ions in the 
treutment of t ho iljit ji. 
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the females of this second generation were also found to have 
shorty slender bristles associated witli irregular markings on the 
abdomen. Although no counts were made of this mass culture, 
the three t>*pes of indi\iduals appeared in such large numbers 
as to leave no doubt that they were tlie result of segregation 
rather than of original mutation. 

Stocks were established of all three types, but the stocks 
naturally each continued to segregate for the other characters. 
Of the three characters obtained, the vermilion-like eye-color, 
named cinnabar at the suggestion of Dr. C. B. Bridges, was by 
far the most striking and promising one, and experiments were 
immediately initiated to detennine its genetic relations. These 
experijnent.s are reported in detail in the present article. 

The dark eye-color was found by the customary method of 
group detennination to be a simple recessive character dependent 
upon a third-group gene. In our experience, however, it does 
not differ strikingly enough from wild-type to be valuable for 
genetic work, because there are always a number of flies which 
are difficult to classify. Crossed with star dichaete it gave the 
four customary classes in Fi for a recessive character, and the 
back-cross of Fi star dichaete males to dark females gave star 
dichaete, star dark, dichaete, and dark in approximately equal 
numbers, the evidence for location of its gene in the third-group. 
Its locus within the third-group has not been determined. 

The short-bristled, scaly-abdomen type when obtained in 
stock proved to be .sex-liinited. The females exhibit the char- 
acter, but the males are indistinguishable from wild-type. It 
also proved to be sex-linked. From conversations with Dr. A. H. 
riturtevant, it seemed possible that ^scaly,’ as it wns then called, 
was identical with 'bobbed,’ a previously discovered sex-limited, 
sex-linked mutant. In order to test this j)ossibi]ity it was crossed 
with ‘bobbed’ from the Columbia stocks. The fetmile progeny 
w'ere all ‘bobbed’ which seemed to be sufficient proof of identity 
of the two forms. It seemed unimportant, therefore, to continue 
work with it. 
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STOCK OF CINNABAR 

Tlie cinnabar stock as originally established was ob\dously 
contaminated both with ^bobbed’ and with the ^dark^ eye-color. 
Wlien cinnabar was found to belong to the second group, how- 
ever, it became an easy matter to free it from these forms, the 
groups of which were then also known. The procedure adopted 
for purifying it was as follows. A star dichaete female from 
star dichaete stock was mated to a male from the cinnabar 
stock. All h, star dichaete male from this mating was then 
out-crossed to a female from a wild stock. A dichaete male and 
female from the progeny of this cross were then mated for the 
production of ‘purified’ cinnaiiar. It is obvious that this system 
of matings had the eflect of replacing the X- and TIT-chromosomes 
of the original cinnaliar stock with chromosomes known to con- 
tain only wi Id-type genes, and there was also a possibility that 
the l\ -chromosome had been replaced, although thi.s Avas prob- 
ably not important. The 1 1 -chromosome was retained in its 
original condition. This stock of cinnabar was then used as a 
biisic stock for making up all cinnabar combinations. Cinnabar, 
thiLS established, did not subsequently exhibit the marked vari- 
ability in eye-color characteristic of tlie original .stock, doubtless 
due to the elimination of dark, and it never produced ‘bobbed’ 
segregants. 


DlL.SCH!PTl(aN OF CINNABAR 

Cinnabar, symbol cn. is so nearly identical with vermilion in 
appearance, as its name suggests, that no detailed description 
of it is necessary. It is readily separable from Avild-type with 
the unaided vision. The color is i)articularly intense in young 
flies and becomes somoAvhat darker Avith age. Tlie ocelli are 
colorless as in vermilion and scarlet, a characteristic Avhich is 
sometimes of aid in classification, especially with very old flies. 
It adds a third member to the vermilion ‘genus’ of characters, 
of which scarlet, discovered by Mrs. Richards t'lS) and by 
liancefield (T8) is the second. 
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THE LINKAGE-GROUP OF CINNABAR 

The liiikage-group of cinnabar was detennined in the cus- 
tomary manner by using star and dichaete as markers of the 
second and third groups, respectively. From cinnabar 9 by 
star dichaete an Fi progeny consisting of approximately 
equal munbers of star dichaete, star, dichaete, and wild-type 
flies was secured. Five single pair cultures of Fi star dichaete 

o’ by cinnabar 9 9 were established, and yielded ])rogeny dis- 
tributed approximately equally among four classes; star dichaete, 
star, dichaete cinnabar, and cinnabar, as shown in table 1. The 
distribution obviously is typical of a second-group mutant. 

THE LOCUS OF CINNABAR 

As a first approximation to the locus of cinnabar, its recom- 
bination per cent with star was determined. For this purpose 
star females were isolated from the cultures listed in table I 
and mated to cinnabar males from stock. The data are recorded 
in table 2. The percentage of recombination (omitting aber- 
rant no. 7t)) in these cultures was 40.B, which indicates a locus 
slightly to the right of black, since the standard star black re- 
combination per cent is 37. B. 

Since cinnabar is a character of the first rank in respect to 
viability and separability, it seemed important to detennine its 
locus more accurately in relation to genes located in the middle 
region of the Il-chromosome. At that time among the stocks 
which we had on hand the characters black and vestigial appeared 
to be most suitable for tfie purpose, since the locus was appar- 
ently somewhere between those of these two genes. Accordingly, 
the various combination stocks necessary for carrying out the 
four back-cross determinations of the three-point method were 
made up. Since no difficulties were encountered in securing 
them it seems unnecessary to describe the methods employed, 
except to state that the stocks so established contained only the 
mutant genes indicated in the tables, and they were not compli- 
cated by the presence of other genes, .segregation for whicli might 
have obscured the results. 



CIXNABAR EYE-COLOR IX DROSOPHILA 


427 


I he data obtained from the various back-crosses are presented 
in tables 3^ 4^ 5^ and 0. The tables are self-explanatory. Single 
pair cultures were used throughout. A summary of the data 
from these tables together with recombination per cents is given 
in table 7. Two striking features of these data are the low aver- 


TABLE \ 

Pi, star dichaefe o- X cinnabar 9 ; B.C., Fi star dichaefe d' X ci nnahar 9 9, 

singly 



• S D 

s 

cn D 

cn 

63‘ 

! 154 

63 

15S 

1 74 

64 

136 , 

126 

.50 

■ 67 

65 

S2 

S2 

66 

101 

66 

35 

3S 

40 

32 

67 

73 

.50 

26 

26 

TotuU 

326 


ls5 

226 

' This culture 

was not included in 

the tot als. 

The results indicate segregation 

for a 1 1 l-chrorm 

jsornc recessive lethal. 





TABLE 2 




star ( - ; 

- j « 9 X 

cinnabar S' S . ->'(5 

lOly 


s 

ca 


- 

7;i 

76 

“■1 

44 

44 

75 


‘.11 

47 

62 

76' 

55 

54 

27 

16 

77 

117 

153 

104 

6N 

S4 

66 

63 

71 

75 

Totul.^ 

3‘K) 

m 

266 

276 


* Tlu' rt'.sults uf fuhurt^ ii'>. 70 wtTc lutt iiu'luded in the totals. Heeau>se they 
dilTer so wuldv frtMn thoj^o of the other four eult\nvs. 


age survival value of vestigial and the low recombination per 
cent for black and vestigial. They do not appear to be con- 
nected with each other as subsequent tests have shown. 

The low viability of vestigial has given trouble lieretofore 
when cultural conditions were not of the best, or when care was 
not taken to run the culture the full period or to shake out all 
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vestigial flies from the culture bottles. The cultures reported 
in this paper up to this point were conducted by the two-day 
vial method described in a previous paper (Clausen and Col- 

TABLE 3 


Pi, cinnabar vestigial 

X 

o 

black o"' i B.C., / 

1 HiltPlype 

9 9 X black 

cinnabar 




vestigial 


inghj 




b 

on vg 

' + 

b cn vg 

: cn : 

b \'g b cn 

vg 

2S6 

212 i 

103 

12 ^ 

7 

12 ' 

9 : - 

, — 

2S7 

277 1 

120 

19 , 

5 

30 I 

10 : - 

1 

2SS 

200 

1G5 

15 : 

14 

25 i 

24 1 

- 

290 

132 1 

57 

5 

s 

s 1 

10 : - 


291 

127 ^ 

40 

2 

4 

14 

11 1 


292 

179 

114 

12 

3 

13 

n 

- 

293 

202 

127 

8 

3 

10 : 

19 

1 

294 

2G0 

125 

9 

11 

26 

13 

- 

295 

173 ‘ 

80 

13 

4 

11 

13 1 

_ 

290 

280 : 

137 

13 

4 

16 

16 3 

I 

Totals, . . 

2117 : 

laso 

; los 

63 

174 

112 6 

3 




TAIU.E 4 




Pi, black c 

TiTiabar 9 

X / » 

iigial c'; 

Ji.r., 

U'ibi-lijnc 

9 9 X black 

cinnalj/ir 




ve-'tigial 

yo", 

* agi’J 




b cn 


cn 

b vg 

- h 

rn vg h 

cn vg 

328 

141 

so 

s 

4 

13 i 

4 1 


329 

S.S 

76 

7 

3 

9 

5 

2 

330 

178 

144 

11 

10 

24 : 

11 1 

1 

333 

127 

77 

3 

4 

14 

4 „ 

- 

334 

ls3 

123 

11 1 

10 

15 : 

9 - 

1 - 

335 

154 ! 

irt3 

9 ; 

- 

12 

3 

; 

337 

210 1 

176 

9 

9 

15 1 

14 1 - 

: - 

330 

- 299 i 

203 

13 ^ 

8 

12 ! 

12 ( - 

' 1 

3,'^) 

253 i 

170 

14 ■ 

10 

' 23 i 

14 1 

i I 

3S1 

240 ■ 

16.5 

17 

12 

20 ■ 

12 : 1 

i > 

Totals. . , 

^ 1873 i 

1320 

102 : 

70 

!: ! 

88 ■' 4 

'! 6 

lins, ’22j 

. Since 

care 

was taken to run cultures for 

the full 


period and no trouble was experienced in shaking out all vestigial 
flies from these small vials, it seemed likely that the low survival 
of vestigial was due to unfavorable cultural conditions. 
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Since vestigial has not exhibited Ioav \iabilitv under the new 

culture methods worked out by Bridges 

( 21) it seemed wise 

to make a direct comparative test of the two-day vial method 




T.MiLE 0 



Pi, cinnabar 9 X black veniiqial 

CA' lie 

, Pi ‘rild-type 7 

9 X black rinnahar vesligial 
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sirujhj 




cn 

h \g 

cn 

vg 

b 

cn vg -r b cn vg 

:is2 

237 

i 223 

7 

3 


25 14 

:>s3 

240 

134 

12 

0 

19 

14 2 2 

as4 

23S 

137 


0 

31 

15 

-ISo 

240 

17S 

12 

7 

22 

S 2 1 

olK) 

242 

ls4 

12 

3 

21 

15 1 1 

301 

o;)<) 

17s 

14 


27 

s _ 1 

302 

2!0 

]ss 

13 

12 

9? 

1'^ 1 

m 

217 

10<j 

7 

7) 

21 

10 1 

401 

220 

134 

10 

4 

23 

0 - 1 

402 

233 

227 

21 


15 

24 2 3 

Totals... 

23&S 

IsOO 

123 

03 

230 

147 10 13 
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li'jial S; 

}k(\ 

Pi wild-f ;i^c 9 V X fdack 



( < )i( 

^>or I f ■'( 

i[jio{ c o' , 





h cn \ c 

h 

vn yg 

b cn 

■'■g cn b vg 

iiSt) 

201 

03 

13 

0 

24 

15 ~ 1 

;;ss 

200 

O'O 

o- 

11 

24 

12 1 3 

304 

320 

120 

21 

10 

41 

13 1 

30') 

2s3 

172 

13 

13 

40 

28 1 2 

3'K) 

2:rt*) 

IK) 

10 

-S 

30 

IS 12 

307 

270 

107 

2'' 

0 

30 

20 ~ 3 

30s 

210 

70 

13 

4 

17 

0 - 3 

300 

220 

SO 

IS 

4 

O-j 

10 - 

400 

342 

210 

23 

10 

34 

13 — 4 

400 

ISO 

7Cp 

13 

4 

13 

0 - 1 

Totals, . . 

2(>.'>0 

1201 

ISO 

W 

2s0 

138 4 10 

with his half -pint ban ana- a gar 

method. 

For this purpose three 

wild-ty]>e k 

: females from wild-type 9 

by black cinnabar ves- 

tigial o"* Avcre mated to black cinnabar vestigial males and prog- 

eny reared by 

tlie vial 

method in comparison with progeny 
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from three siiiiihir pairs, made up with sister females, reared 
by the banaiia-agar method. TJie data are contained in table 8. 
The results indicate clearly that the low survival of vestigial 
in the two-day vials was due to unfavorable cultural conditions 
which resulted in differential elimination of vestigial flies. In 
the half-pint bottles with banana-agar medium tlie vestigial 
classes contained 4(3.1 per cent of the total number of flies. In 
the two-day vials only 22.(3 per cent of the flies were of vestigial 
classes, a lower percentage than that obtained in any of the 
previous back-cross cultures. The recombination percentages 
arc not, however, significantly changed by the cultural conditions, 
as shown by calculations from these data, as follows: 


cn-vR : b-v(5 


Half-pints? 0 1 j S,9 ! 14.S 

■2-day viairi .Y 1 ! 9.7 13.0 


In \dew of the variations which are known in recombination 
percentages it is doubtful that the dilTerences have any signifi- 
cance. If the low Aiabllity is dej^ondent exclusively on vestigial, 
no change in recombination percentages is to be cxj^ected. 

The average b-vg recombination ])er cent from the data in 
tables 7 and S is 13.3 per cent, a signilirantly lower value than 
that given by Hridges aiul Morgan (Tfl), 17.S per cent, as the 
result of their inore extensive investigations. I'liis is very lui- 
fort unate because it leaves the exact position of cinnabar still 
in doubt. The data of each of tlie cxperinicnts ai)])ear to f)e 
homogeneous; and, while tlie result:; of the four experiments 
appear to be somewluit different , it is believed that these differ- 
ences arc not as great as their eommon difference from standard 
data. If we use the rlireet b-en value of o.3 the jiroliable locus 
of cn would bo oLS, whicli lies to the left t)f purple. If, however, 
we correct the values so that the b-vg 4'alue hS..’) (the iria]) 
distance from b to vg determined by bridges and Morgan) the 
value for b-cn becomes 7.0 wliii'h gives a. loeus at 7)3.;), a position 
somewhat to the right of puri)le. Since purple has been used so 
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extensively in work on the second chromosome, it is important 
to know the relation between purple and cinnabar, before the 
latter can be enijilo^^ed satisfactorily in second-group studies. 

tabia: 7 


7 he four complermniary back^-ru.^s experwifuts giving data on the relations of 
Hark, vinnaljtir, and vedxgM. A sximmaru of the data indadid in tables 
d to 0 with the rccoinbinatiou jjcrceniages 
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— i- -f-f. 
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b-cn 
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b-vg 
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- 3206 

cn 

171 : 

310 9 
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4.9 

8..S 

13.2 

b cn 

'■g 
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24.3 10 


.3626 

50 

7.0 

11.5 

cn 

■ 4177 

h vg 

ls6 

3X5 23 


4709 > 

4.4 

.S.5 

119 

. 3.V)1 

b cn vg 

270 

444 23 


4.397 

0.0 

10 2 

15.7 

Ti.tnls,,.. 14433 

s(h 

13SS 6.3 


10694 

.3 2 

s .7 

13.2 
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on 
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12 

0 

<, 

6 
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6 

11 

M 

16 

- 

_ 
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MS 

16 
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- 

~ 
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4<i^i HW 

.31 
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_ 
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1 
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^ELATION BETWEEN PURPLE AND CINNABAR 


By both methods of calculation the loci of pr and cn cannot 
be far apart. The position at the right of pr seemed the most 
logical one and further operations were based upon this assump- 
tion. Since the loci must be close together, it was desirable to 
devise a method of obtaining the pr-cn combination which would 
reduce somewhat the number of indi\iduals to be tested. 

At that time we had on hand stocks of black cinnabar and 
jaunty purple fiies. The method adopted for obtaining the 
desired combinations was to test cinnabar males of lA from an 
original cross of jaunty purple 9 by black cinnabar o'’ by mating 
them to virgin wild-type females from the same cultures. Con- 
sidering only single crossing-over and an arrangement of factors 

of the tvpe, ^ the Yz cinnabar luales might be of 

j pr 


, . b cn b cn , b cn 

three genotvpes; viz., , ; , and : . 

cn j cn j pr cn 

The first type should be very rare and may safely be neglected, 

since its production involves crossing-over between 1) and j, which 

are only 0.2 of a unit apart. The third combination is the one 

desired, and its ratio to the second typo should be O.S :().(), 

assuming correctness of the calculations of tlie locus of cn, or 

about one cinnabar in eight should be of the desired constitution. 

The mating of Fj cinnabar males to sister F- wild-type females 

should furnish diagnostic progeny, if the wild-type females 

chosen were for then ^ ^ males would give 

j pi j cn 

jaunty fiies with wild-type cyc-coior for the most part, whilst 

^ would yield jauntv purple flies, and, by crossing- 

j pr cn 

over, a few jaunty purple cinnabar flies. No counts were made 
of the flies in these cultures, but after a number of trials a few 
jaunty purple cinnabar flies were obtained in culture no. 5(14, and 
from these a jaunty purple cinnabar stock was established. 

The purple cinnabar flies thus secured were readily recogniz- 
able, the difference between the wild-type and purple eye- 
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colors proving less easy of recognition that that between cin- 
nabar and purple cinnabar. This interesting observation is in 
line with the disproportionate modification of vermilion by 
purple noted by Jlridges (T9). The four eye-color types, wild- 
type, purple, cinnabar, and purple cinnabar, therefore, gave no 
difficulties in classification beyond that noted by Bridges (T9) 
for purple as contrasted with wild-type. 

Jn order to determine the locus of on, cultures were immediately 
established of wild-type 9 by jaunty purple cinnabar cf . Ten 
cultures of Tj wild-type 9 9 by jaunty purple cinnabar d" & 
were established, all of which were successful. The results from 
them are recorded in talTe 9. The recombination percentages 
based on tlic totals of this table are as follows; j-pr, 7.7; pr-cn, 
3.(); j-cn, KI.S. Hiese values are in excess of expectation, for j 
is assigned a locus at 40.7, which gives a map-distance of fi.O 
for j-pr. Proportional reductions of the values to this scale 
would give a pr-cn value of 2.S and a locus at oo.o. which prob- 
ably rejiresents the closest approximation to its position from 
the data thus far secured. Its locus, therefore, is evidently to 
the right of pr, and the provisional locus at dl.± assigned to it 
in the latest ma]) of Drosopliila inelanogaster, which was based 
upon the only tiata available at that time, viz., the results of 
the com])lementar>’ b-cn-vg back-crosses, is in error (Morgan, 
J^turtevant, and Bridges, '22). 

rUE LOCUS OF JAUNTY 

The exact locus of j has never been determined. The locus 
provisionally assigned to it at 4ti.7, 0,2 of a unit to the right of 
b, is based on a single recombination IxUAveen b and j obtained 
in 4t)2 flies l)v Muller (TO). Other attempts to secure combina- 
tions of black and jaunty failed (Bridges and ^lorgan, TO, 
p. Kxb, but left iu> doubt that j must be close to b. The ques- 
tion of its precise location is not an important one, in view of 
the excellence of black as a representative of this region of the 
cliromosome. but we became interested in the problem of securing 
a black jaunty combination, and eventually did obtain it. 

The method employed was similar to that used for securing 
the cinnabar purple combination. From F^ of black cinnabar 
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9 by jaunty purple d^, black males were isolated and tested in 
mass cultures by mating with jaunty females. In order to keep 

the : — segregation going, parallel cultures were estab- 

j pr 


TABLE 9 

Pi, inld-lype 9 X jauyity purple einnabar o': B.C., mld-iype 9 9 X jaunty 
purple einnabar o'er, singly 



i + 

i pr cn j 

i 

pr cn 1 

CD 1 

i pr 1 

pr 

j cu 

585 

1 

! 143 

91 ; 

6 

12 : 

t 

- 1 

9 ! 



.586 

1 196 

160 ' 

' 13 

IS 1 

9 ! 
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1 

587 

! 153 

147 i 

11 

16 I 

4 1 

5 
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588 

j 195 

167 1 

16 

16 ! 

9 : 

s 

1 


589 

, 174 

116 : 

10 

11 

5 i 

7 

2 


500 

;! 147 ! 

' 88 ' 

15 : 

4 

4 ! 

2 

i 


591 

Il 162 i 

132 1 

11 : 

10 ;i 

10 

3 ii 

1 i 


592 

ii * 

123 i 

11 ; 

13 

6 j 

5 ■; 

1 1 

_ 

503 

' 170 1 

173 

21 j 

15 - 

3 : 

5 


__ 

594 

141 

112 

10 * 

10 

6 

5 

- i 

1 

Totals, . . 

:! 1667 i 

130<) 

124 ; 

125 

5s i 

54 1 

i 
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TABLE 10 


Pi, jaunty cinnabar 9 

1 

X 

/ P.r',, Pi i 

ei Id-type 

V 9 X bbu- 



jaunty purple 






b pr 

i 

b j 

pr 

h 

J l>r 

706 

242 

23S 

_ 

o 

IS 

16 

707 

253 

253 

- 


14 

■S 

70S 

241 

246 

1 


11 

15 

709 

250 

! 289 

1 ! 

1 

17 

1 17 

710 

260 

2'^3 

1 


I,". 

2i) 

711 

220 

252 

- 


14 

16 

712 

266 

246 

- ; 

3 

19 

14 

713 

■i 

256 

- ! 

_ 

20 

13 

715 

1 275 

242 

- 

- 

15 

13 

Totals , . . . 

22:>-l 

2 m 

3 

6 

143 

132 


lished by mating wild-type flics from the same cultures inter se 
in single pairs, the nature of their progeny indicating clearly 
whether or not the wild- type flies were of the desired constitu- 
tion. At the same time jaunty male segregants were also iso- 
lated and mated to black feinalcs in order to guard against the 
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possibility that j was to the left of b instead of to the right. 
Tests of the jaunty males did not yield the desired combination, 
but eventually one of the mass cultures of jaunty 9 9 by black 
cf & gave some jaunty offspring, which, when inbred, culture 
no. 049, produced black jaunty purple flies. One hundred and 
seventeen black males were tested before the desired combina- 
tion was secured, which in itself indicated a locus very close to b. 

With the establisliment of the black jaunty stock the deter- 
mination of the locus of j became purely a routine task. Fi was 
obtained by mating jaunty cinnabar 9 with black purple curved 
ct". For the back-cross ten cultures of F, wild-type 9 9 by 
black jaunty purple were established, nine of which proved 
successful. The data are recorded in table 10. No double 
cross-overs were secured, consequently columns for black jaunty 
purple and wild-type flies are omitted from the table. The 
recombination per cents secured are as follows: b-j, 0.2; j-pr, 
5.7 ; b-pr, 5.9. The b-pr value of 5.9 is only 0.3 of a unit less 
than the map-distance given by Morgan and Bridges (/1 9), so 
that no correction of the b-j value is necessary. These data 
confirm tlie jirovlsional location of j at 40.7. At the present 
time stocks of black jaunty purple and black jaunty cinnabar 
are on hand, as well as other combinations of these characters, 
so that tliey are available for any experiments in which they 
may be useful. 


niSCUSSUIN OF HKSULTS 

It is apparent, as pointed out, that the recombination per cents 
of the different experiments are slightly but significantly different, 
so that a summary of tliose not strictly comparable data is not 
given. The reason bw the discrepancies is not obvious, but 
attention should be called to the fact that the stocks employed 
were obtained from the C'olumbia laboratories several years 
prior to their use in these experiments. 'Fhey have had a rariier 
long indepemlent liistory iluring wliich tliey hiwe been used in 
a variety of ways, which might have given opportunity for tlie 
origination or the incorporation in them of genetic differences in 
crossing-over similar to those which liave been described in other 
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stocks by many investigators. Speculation without further ex- 
perimentation cannot be expected to lead to an interpretation 
of these difficulties. I have been interested in a limited problem, 
namely, the determination of the locus of cn, and incidentally 
that of j, accurately enough so that cinnabar may be employed 
henceforth in genetic work. This problem has been solved by 
a determination of its linear order in relation to the most used 
genes lying near it in the series. Its subsequent employment 
will lead to the collection of additional data which may be used 
in correcting the particular values which I have obtained. 

SUMMAHV 

1. Cinnabar, vsymbol cn, is a new eye-color identical in ap- 
pearance with vennilion and scarlet. 

2. The locus of cn lies to the right of purple at approximatch 
55.5 in the second chromosome. 

3. Purple is a disproportionate modifier of cinnabar, analogous 
in its effect on this character to that on vermilion. 

4. The provisional locus of j at 46.7 is confirmed by back- 
cross determinations. 

LITKRATURK C[TKD 

Bbidges, C. B. 1910 The genetics of purple eye color in Dro-sophiln. Jour. 
Exp. ZooL, vol. 28, pp. 265-305. 

1021 Gametic and observed ratios in Drosophila. .Vtner. Naturali.st. 
vol. 55, pp. 51-61. 

1921 Chirrent maps of the location of the mutant genes of Drosophila 
melanogaster. I’roc. Nat. Acad. Sei., vol. 7, pp. 127 132. 

Bridgks, C. B., .\nu Morow, T. If. 1010 Contributions to the genelic.s of 
Drosophila melanoga.ster. U. The second-chrtjmosomc group of 
mutant characters. Carnegie lu-st. Washington Rubl. 278, i>i). 123 •UU. 
Cl.\usen, R. E., ,\ND Coi.UN'S, J. L, 1922 The inheritance id .ski wings in Droso- 
phila melanoga.ster. Genetics, vol, 7, pp. XS5- 126. 

Lan'cefield, D. E. 1018 Scarlet, an autosomal eye color Identical with sex- 
iinked vermilion. Biol. Bull., vol. 35, pp. 207'-210. 

Morgan, T. IL, ►Stcrtkva.vt, A. H., and Bridges, C. B. 1922 .Study of the 
constitution of the germ-plasm in relation to heredity, Carnegie In.s(. 
Washington Yearbook no. 20 (1921), pp. 375-380. 

Muller, H. J. 1916 The mechanism of crossing-over. IV. Amer. N.aturalist, 
vol. 50, pp. 421-434. 

Richards, Mildred IToge 1918 Two new eye colors in the third chromosmne 
of Drosophila melanogaster. Biol, Bull., vol. .35, pp. 199 20t). 



aCTHOhs’ ah^th act fjr Tins pah eh is.sc*d 
ST TU« BlSLtOfilt .M'KIC SEllVICE, DECEil liKR .'J I 


REACTIONS OF HYDRA TO CHLORETOXE 

U'M. A. KKI'XKU AND D. L. HOPKINS 
I'niver-iity of Virginia 

FIVE FIGCRES 

Chloretone is a useful narcotic to employ when one attempts to 
analyze the reaction complexes of Hydra, d'his reagent lends 
itself well to .such efforts since it is a specific poison for neurone.s. 

A Hydra, therefore, under the influence of rveak solutions of this 
drug loses the power to operate tho.se muscles that are stimulated 
onlv indirectlv through nervous ti.ssue, while those muscles that 
are stimulated directly retain their power to contract. Aqueous 
solutioirs of chloretone have been employed in this work. Some- 
times eosin ha.s been added to give color to the solution; at other 
times magnesium sulphate or India ink were mixed with it. 

We have studied the reactions of H\'dra viridis. Hydra grisea, 
and Hvdra fusca. Fresh material wa.s usually employed. How- 
ever, specimens taken from well balanced aiiuaria that had been 
in the laboratory for weeks showed no departure in their reac- 
tions from those of the freshl}' collected polyps. 

The iioKp of Hvdra has a body proper, which is dixided into 
basal disc! .stalk, 'stomach’ (or distal two-thirds) and peristome 
(fig. d). A zone of tentacles ari-se from about the base of the 
peristome. The tentacles are the most active parts of the 
polyp. And yet the body seems to be the dominating region, 
for Schultz (’Id) observed' that during periods of starvation the 
tentacles undergo a process of autodigestion. The outcome 
of this autodigestion, if .starvation be protracted enough, is the 
complete disappearance of the tentacles and even peristome, 

while the body is sAved. 

A conspicuous feature of the histology of the Hydra s peristome 
seems to have escaped the attention of earlier investigators, 
i.e., its eruloderm contains an additional type of secreting cells. 
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These cells resemble mucous cells, and differ from the secreting 
cells to which Tannreuther (’09) refers when he writes that ^hnany 
of the endodermal cells in the distal half of the Hydra have a 
glandular appearance and are most active in the secretion of the 
digestive fluid which aids in the breaking up of the food in the 
enteron/' These conspicuous cells of the peristomal endoderm 
differ from the other glandular cells in two ways: a) their cyto- 
plasmic contents are more uniform in size and shape and stain less 
deeply in the basic dyes; and b) their secretion droplets have a 
dark-brown appearance when seen by transmitted light in a 
Ihnng specimen. After an animal has made an effort to ingest a 
mass of food these cells lose some of their color. It appears, 
therefore, that the secretion of these peculiar cells plays a role 
during the ingestion of food (figs. 4 and o). 

It is possible that the secretion of these peristomal endodennal 
cells takes part in paralyzing prey without the aid of nematocysts. 
Wagner ('04) saw such parab'sis but he referred it to the tentacles 
saying, ^^\pparently this (paralysis) is sometimes brought al>out 
by some purely fluid discharge from the tentacles.” 

We have nothing to add further to the above account of the 
histological details of Hydra. We must, however, call attention to 
the fact that Hadzi ('09) has demonstrated a nerve net associate<l 
with the ectodermal epitheliomuscular tissue, while the endoder- 
mal tissue is supplied with but isolated neural elements, if any 
be present therein. 

The contraction of the ectodermal my onem os, whicli are dis- 
posed parallel to the axis of the body, results in a shortening of 
the body. The contract Jon of the endodennal inyoneines, which 
lie at right angles to the axis of the body, causes the polyf) to 
lengthen. When we keep in mind that the conspicuous nerve 
supply is in the ectodemi and the meagre one (if any) is in the 
endoderm, it becomes interesting to observe how rapiflly a Hydra 
may contract as over against its rate of elongating. In the first 
case we have an example of a iieuroinuscular function, while in t lie 
latter we have an incomplete neuromuscular function. In adtli- 
tion to this frequent contraction and elongation, Hase (TO) found 
two types of ‘Bevvegungsfonrd (pulsation) in Hydra. One type of 
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pulsation is sudden which by an expansion before and a contraction 
behind an inj^esled body siid<ienly shifts it from one region of the 
body to another. 1 lie second t\'pe of pulsation that Hase ob.served 
was similar to the neuroid waves that pass over a sponge’s body 
when it is strongly stimulated. This pulsation is sustained for from 
fifteen to thirty minutes in travelling over the length of the body. 
In Hase s first type of ])ulsation it ai)pears that the ectoderm and 
endoderm are cooperating, wliile in the latter it may be that only 



Fig. 1 A shows ooiilour of siHH-iinoii aftvr having been injected with chlore- 
tone and rinsed in two change? of w.atcr. IF ,ind 1) siiow the advance of tlie 
peristaltic wave. F .shows the cotilonr of the animal after this neuroid wave of 
Iieristalsis had sjhmiI d.self. 


the endoderm is involved because of the extremely sluggish 
l^eristalsis. Wagner (’04) has seen ejection of food “performed 
several times, and in every case the food was forced out by a 
sudden stpiirt that threw the debris to some distance" ip. bll). 
He records n(» slow peristalsis. Wo have seen that when an 
indifTerent substance like India ink has been injected into the 
enteric cavity of a Hytira no rapid ])eristalsis arises but a slow 
wave carries the b^rcign material towards tlie oral end and even- 

THl? Jin'K\\l. F VrUM M > S r U. t 
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tually delivers it through the moutli. For two hours after a 
droplet of India ink has been injected into a Hydra’s body, the 
ink was slowly carried towards the mouth by a constriction that 
t^a^'elled behind it as a very slow wave. When the ink gets near 
the bases of the tentacles an interesting process has been observed. 
This is the operation of a sphincter wliich lies at the base of each 
tentacle. When a droplet of ink had reached the relative posi- 
tion indicated at G, figure 2. the sphincters closed so as to occlude 
the luniina at the bases of the tentacles. These sphincters, 
remaining closed, directed the ink, as it was slowly advanced by 
the body wave, to the mouth. After the ink was thrown out as 
shown in figure 2, I, the s[)hincters again o])ened. A similar 
observation has been made when a bubble of air was employed 
instead of the ink. On one occasion a Hydra, just taken from 
the pond, was slowly ejecting jnaterial froin the enteron. 'khis 
specimen showed closed sphincters most clearly as the material 
was passing by the bases of the tentacles. 

Finally these sphincters ma\’ be demonstrated in anotlier 
manner. If some harmful material l>e injected into tlie enteron, 
the body can be greatly distended as though it were a thin-walled 
rubber sac and yet the tentacles will not be inflated. We have 
frequently inflated Hydras' bodies thus ami in no case have wo 
succeeded in distending the tentacles. Thus both l)y observation 
and experiment, sphincters at the bases of tentacles ha\'e been 
demonstrated. 

An interesting character of these sjdiincters is that they arc 
only under the control of the body proper ami do not respond to 
stimuli arising in the tentacles, 'i'his is sliown by the fact (hat 
when 1 per cent ehloretone is injected into the tentacle, the body 
is always distended. This distention of the liody through the 
tentacle imiy be so great as to widen the base and shorten the 
axis of a bud. But in these cases, wliere a body and its bud are 
thus greatly distended by pressure of a fluid coming in from one 
tentacle, the sphincters of the other tentacles function; for no 
other tentacles are inflated. Wo have here a sharj) contrast 
between the conduct of a tentacle reacting to a stimulus that 
comes from the body proper and the reaction of a tentacle to .'^tim- 
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nil arising in it. Tlio sjjhincter, for example, will prevent a for- 
ei^i substance passing frum the body into the tentacle, while it 
will not prevent such material entering the body from the tentacle. 
It becomes evident, therefore, that the Hydra\s body dominates 
the tentacle. I nlike von Lexkull’s echinoderms, the ambulacral 



Fig. 2 .t U sliiuv iho ;uiv;\nco of a noumiil peristalsisi behind a droplet of 
India ink. M C and D a rout rart ion had taken phu'e Init iu> constriction of bases 
of tentacles \vas evident. F. the neuroid action had earned the droplet of India 
ink orally. In (1 ami 11 tlto ink being near the base.'^ of the tentacles, the bases of 
the tcntaeles are seen to be constricted due to the ch<<ing of their sphincters. 
I and .1 show the .‘i])hincb'rs open. 
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feet of which move the body instead of the body moving the feet, 
here the body dominates the tentacles. 

Through these spliincters the body proper protects the tenta- 
cles from hannfiil substances that may be taken into the enteron 
and perhaps controls the food supply also of the tentacles. 

Having discovered the presence of these sphincters, we were in 
a position to determine to what extent distribution of absorbed 
substances is carried on in Hydra. It seems that the material 
absorbed by the endodenu is not widely distributed. For example, 
we have frequently inflated the enteron with 1 ])er cent clilore- 
tone and in every case the body proper was (piickly (piieted while 
the tentacles plied about as actively, if not more so, as they had 
done under nonnal conditions. Hydra, therefore, must have 
nothing comparable to a circulatory medium. l']ven the meso- 
glea is not a path of wide dihusdoii. W e can understand, thereby, 
why it is, as 'rannreutlier ('(H)) observed, that at a region \^'here a 
gonad or a bud is to be formed, a special accumulation <>f food 
must be made. These most active regions, liecause of the lack of 
a circulatory medium, must be further taxed by digesting and 
absorbing a special and increased food sujqdy. A disadvantage 
of the diploblastic character of Hydra thus becomes ap])arent. 

The peristomal endoderin seems to be able to reject clilore- 
tone, Tire base of the peristome may lie constricted so as to 
occlude the lumen and cause the free ends of the peristomal end(»- 
dermal cells to interlock about the axis of the peristomal cone. 
In this manner the rejection of c]il()ret(jne on the p.art of the j)eris- 
tomal endodemi.al cells may lie eflected. For the fact has been 
noted many times that when a Hydra is narcotized througli 
injection of ch]oretf)ne into the onterrjn, the peristome hi'Cdmcs 
very active as though it has Ixam cut ofY from the inhihitorv con- 
trol of the body proper. Fnder sucli com lit ion the p(‘ristonie 
di.splays exploratory im)vements suggesting the ]ip])ing of a horse 
in seeking to grasp a tuft of grass. Here again, the body propi’r 
being paralyzed while the intimately anchored ]>eristome is not, 
is demonstrated the local nr restricted manner in which dilTusioii 
take.s place. No chloretonc has been transferred from the braly 
jiroper to the occluded peristome. 
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Tliat we are not dealing with regions of the Hydra's body tliat 
are immune to chloretone is shown by the fact that by j)Iacing 
a Hydra in chloretone the tentacles and peristome are quite 
narcotized. The results obtained through injection, therefore, 
indicate that tentacles and peristome are not influenced because 
absorption and diffusion do not carry the chloretone to the closed 
peristome nor do they carry (he narcotic to the tentacles when the 
sphincters operate. 

The injection of chloretone into the enteron soon narcotizes the 
neuromuscular apparatus of the ectoderm, so that soon after sucli 
injection the body elongates and remains elongated, as it does 
when the specimens have been immersed in solutions of clilore- 
tone. In such narcotized specimens no sudden contract ion of the 
body is possible, though the tentacles and ])eristome be freely 
plying to and fro. However, the neuroid peristalsis, such as Hase 
observed and such as we have recorded above when Hydra is 
egestiiig some inert material, like India ink or air, may yet 
be maintained. The following observation selected as the most 
conspicuous exmnple of its kind will serve as an illustration. 
A Hydra fusca was injected with I per cent chloretone at 10.37 
a.m. near the hase of its body. Immediately after the operation 
it was rinsed in two changes of spring water. The specimen 
after rinsing had the appearance of A, figure 1. Here the l)asal 
portion was constricted. This constriction had crowded beneath 
a mass of enclosed food. No advance of this constricted region 
could be noticed, as the specimen was being watched ; but at 10.40 
a.m. it was evident that such advance was taking place, for llie 
constricted region had become longer and the distended region 
shorter while an ingested wonn was being crowded from the 
mouth (fig. 1, B). At 10.42 a.m. further advances of tlie 
neuroid peristalsis could be observed (fig. 1, ( ■). At 10.47 a.m. 
the neuroid wave had forced the food, without a spurt, from the 
mouth and was spending itself at the end of the body resulting in 
the spreading apart of the bases of the tentacles (fig. 1, J)). liy 
10.48 a.m. the specimen had assumed an elongated form (fig. 
1, E), in which condition it lay until 10.5.') a.ni., when it assumed 
the normal shape. Thu.s a wave, in passing from the basal third 
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of the body to spend itself at the oral extremity, consumed a 
period of ten minutes. 'J he chloretone had put the neuromus- 
culature of the ectoderm out of function and the cndoderm 
behaved as a neuroid tissue. Ihe tardiness of this peristalsis 
does not seem to ])e duo to the food-mass !igainst which it had to 
operate, for we have obseiA'cd similar wjives advancing from the 
wounded region to oral end of green, brown, and gray }fydras 
that has been similarly injected with chi ret one though they had 
in them no large mass of food. 

A similar result may be ol)taine<l when a Hydra is placed in a 
j)(‘r cent solution f)f chloretone and then injected with 
O.T) [>er cent solution of chloretone. thus subjecting both the ecto- 
derm and endoderiii to the narcotic directly. 

Jm all instances after injection with chloretone. the animals 
would contract and remain contracted for a brief period until the 
chloretone had time to o])erate on the ectoderm. This prelimi- 
nary ccmtraction would sometimes (aunplicate the observations 
when it came to determining the exact jtosition of the neuroid waYT 
and its ])rogress. 4'o obviate this difliculty, a green Hydra was 
i>laced in percent cliloretone. (Ireon Hydras in this percent- 
age of cliloretfuie gradually elongate. After the jwocess of elonga- 
tion has set in, tlie anitnals cannot be caused to contract by ine- 
(‘hanical st imtili. However, after the animals have tlius remained 
elongated in O.Tv' ]ier cent chloretone for an hour, they appear 
to htive adjusted themselves to tins strengtli of chloretone and 
gradually regain the use of their ectodennal neuromiisculature, 
[f now the solution be made stnmger, tlio green Hydras will 
elongate again. 

\N’e took advantage of this char:ict eristic of the green Hydras 
to observe a neuroid wave. After a green Hydra lying in 
per cent ehloretone liad elongated, it was injected with th,5 
per cent chloretone: a disteiuled region aiipcarcd on the body at 
the point of the injection. Direct observation diil not show that 
this distended region was imu'ing as a slow peristaltic wa\e. 
However, a discharged nematoeyst was lying at the lower iyiborab 
base of the < list ended region, l^y bxing the attention on this 
nematoeyst it was seen that there was in reality a peristaltic 
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wave tliat traveled towards the mouth leaving the attached nema- 
tocyst behind. After an hour tlie wave had advanced but a 
short distance. The Hydra now l)egan to move to and fro and a 
drop of 1 per cent chloretone was added. This caused it again to 
elongate. Upon the elongated aniinid two waves appeared. In 
this case the position of one of the waves could be determined by 
a ragged mass of cells that lay on its lower ( aboralj slope. Jkdore 
the animal had again taken to moving to and fro, this wave had 
passed away from this stationary mass of cells. Thus with chlore- 
tone operating both within and without the specimen, two neuroid 
waves were observed which had moved very slowly towards tlie 
mouth. 

Green Hydras do not react differently from other Ifydras to 
1 per cent chloretone that has i)een injected into the enteron; 
but a conspicuous difference is seen when these two kinds <4 
Hj'dras are put side i)y side in per cent chloretone. Here 
we have found after repeated trials, that the green Hydras elon- 
gate and can eventually recover their activity if kept in tlie chlore- 
tone solution, while Hydra fusca or Hydra grisea contracts so 
severely that within ten to twenty minutes it has s^pioezed out 
of its mouth a mass of its endodenn. When contraction lias 
advanced so far that the endodenn extrudes, the sjiecimen cannot 
be revived. After many observations we have seen that Hydra 
\iridis elongates and in time adjusts itself to being immersed in 
0.383 per cent chloretone wdiile the Hydra fusca and Hydra 
grisea contract as though convulsed and are killed within one- 
ludf hour or less. 

Before further considering this reaction of green Hydras, as over 
against brown and gray Hydras, to chloretone, it should be pointed 
out that the distinction is less consjiicuons when solutions of less 
concentration of chloretone are einjiloyed. Tor exajnple, green 
Hydras are scarcely affected liy b.l per cent chloretone, wliile 
the brown and gray ones, in this 0.1 per cent solution, slowly 
elongate and in time become accustomed to the poison as did the 
green Hydras to 0.88J per cent chloretone. 

In seeking for an explanation of tliis difference, we nalu rally 
turned to the presence of the zoochlorellae of Hydra viridis. It 
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occurred to us that the oxygen given off by the photosynthetic 
organisms might account for the difference in the effect of chlore- 
tone on Hydra as o\'er agiunst its effect on Hydra fusca and Hydra 
grisea. Accordingly freslily collected Hydras of the three species 
were placed in the dark for 24, 4S, 72, and 120 hours. After thus 
treated, each lot of the brown and gray Hydras contracted con- 
vulsively when ])laced in [)er cent chloretone: while each 
lot of tlie green ones on being placed into 0.33^- per cent chlore- 
tone after lKi\ ing ])een in the dark would at first elongate, but 
within several minutes tliey would shorten. This shortening 
would continue until the colorless ectoderm, in great part, would 
be crowded at t lie basal end of the rounded mass, leaving only a 
^■ery tliin layer of ectodenu to enclose the endoderm that was 
lying on t lie oral side of the mass. The green specimens remained 
in tliis position until transferred to spring water. \Mien thus 
transferred to s])ring water tliese dark exposed green Hydras 
recovennl. It has tlius been demonstrated that exposure to 
dark does not change the react i{ins of gray and brown Hydras to 
0.33 J per cent cliloretone Init does cause tlie green ones to 
react more like brown and gray ones. It is thus suggested that 
the oxygen product by photosynthesis in the algal symbiont is 
appro])riated by tlie Hydra. 

In one instance we found a green Hydra that lias a ciliated 
parasite, tliat was about 2iHijj long, anchored to its endoderm. 
WTen this sjiociinen was placed in chloretone. the parasite, that 
had remained quiet up to this point. I'locame very active at once. 
It remained (piiet for twelve minutes when it was egested by the 
Hydra. 'Hus Stcnostoma-like parasite lived two minutes later or 
after the parasitized Hydra had been in the 0.33 J per cent chlore- 
t(uie fifteen minutes, d'liis green Hydra contracted so severely 
as to evert its endoderm as the brown and gray Hydras do when 
plaeeil in O.oih* ]>er cent chloretone. dliis is the only example 
we have observed in which a green Hyiira reacted to immersion 
in 0.33 J jier cent chloretone as do brown and gray ones. This 
may have been due to the amount of oxygen taken up by the 
]iarasite. 
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SUMMARY 

In reacting to chloretone the ectoderm behaves as a neuromus- 
cular tissue; while the cndodenu functions as a neuroid tissue. 

A sphincter has been observed at the base of each tentacle. 
This sphincter operates in preventing food from passing from tlie 
enteroii into the tentacle but does not prevent passage of material 
from the tentacle into the euteron. 

There is no extensive diffusion of absorbed chloretone through 
the tissues of the body. A diploblastic animal, therefore, cannot 
possess anything comparable to a circulatory medium. 

Green Hydras under ordinary conditions withstand the effects 
of chloretone much more than do brown and gray ones. Our 
experiments indicate that the presence of zoochlorcllae in Hydra 
viridis are resjmnsible for its resistance to chloretone, for we can 
greatly lower this resistance ])y ])lacing the green Hydra in tlie 
dark. This lends weight to the contention that tlie algae of the 
green Hydra’s endoderm arc symbionts. 
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FUllTHKR SrUDli;s ox IXHERITAXCE OF EYE 
DEFIXTS IX])i:CED IX RARBri'S 

M. 1\ flL VKK AND E. A. SMITH 
'/ix.l'hjiritl Ldhtfrnfory, rtiiicr.iii;/ of Wi^’roriiin 

FUTK TEXT FIOTKES AM) ONE PLATE 'FOUR FICURESl 

111 contiliiiiitioii of our studios on the priiduotion and trans- 
mission of eve defeats in rald^its iGuyer and Smith, ‘20 1 we 
have carried on throii^li se\'{'ral generations a new strain which 
hatl just been siaaiied wiien our second study went to press. 
Wo ha\’e also mad<' attem])ts to secure eye defects by the in- 
jection of jHiIped ral)bit lens directly into rabbits themselves. 
Our single succi'ss in this endeavor is discussed in the latter part 
of this paper. 

d'he new strain of defeet iv(‘-eyed rablats referred te> centers 
in a female IbAl. from a sto(*k wholly unrelated to the hue in 
which we liad originally ])roduced eye anomalies. She was 
one of a litter of ten born oi a mother which had been shijiped 
in a few days earlier from Mi]moa])(dis. She was first mated 
to a 1) rot her l<i.\2. Iha’cntber 7. IdlS, and four normal-eyed 
y<nmg 'Nltl series . one male and three females, were born 
.lanuary 7. ItUth (bie ot these females died at the age of tour 
months, lemale lliAl was remated to lt>.V2 on March d, 1919. 
and on the twi'lftli day of ]n’egnaii(‘y injections of iowl serum 
iiuimmized to rabbit lens w(‘re begun. \ho details of this 
experiment, as wi‘ll as tiiose (‘onnected with a later mating, arc 
given in tables 1 ami 2. One of the four young born from this 
mating liad both eyes markedly abnormal lig. O, It lived only 
live wci'ks. About three months later female ItiAl was mated 
again, this time to a male. no. .at), just arrived Iroiu (. liicago. 
A third treatment with lens immunized serum was begun on the 
eighth day of pregnancy uable 2u lAve young were born July 
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21, of which two males (70A1 and 70A2) each had both eyes 
defective (fig. 1). One young died shortly after birth, hence 
the condition of its eyes was not determined. The remaining 
two apparently had normal eyes^ One of them, a female 70Ad, 
lived to become adult, the other died while young. The eyes 
of male 70A2. originally microphthalmic, gradually became 
resorbed as he grew older until scarcely a trace of either eyeball 
remained. The left was from the very first somewhat col- 
lapsed and barely visible: the right was about one-third normal 
size, clouded, and so badly rotated to the rear that the sight lay 
partly obscured by the lids at their upper, hinder angle. 

From a mating of 7()Aih the normal-eyed female, and 70 A 2, 
a litter of seven (71 A series) was born March 15, 1920. Of 
these (fig. 1) a male, 71 Al, had both eyeballs practically missing: 
two males, 71A2 and 71 A5, had eyes normal in ajH^ea ranee: 
the fourth male, 71Arl. had l)oth eyes \ cry al>normal, one of 
them showing but a trace of eyeball: a female, 71A4. had the 
left eye microphthalmic and otherwise defect i\'e, and tlie right 
e\'e of questionable normality: another female, 71At), had an 
abnormal right eye with cleft iris, silvery hue. and opaque lens: 
the remaining female, 71 A7, had both eyes a])parenlly normal. 
The defects were of the same general typos as those <lescribe(l in 
our earlier paper (’20) for our ^\\ strain. 

A second mating of 70A2 with 70Ail yielded a litter {71 H 
series) of four, two of which, 71111 and 71112. each had both eyes 
defective, lloth eyes of the male 7 1 111 wore microplHlialmic. 
with the left eyeball collapsed and all but gone and the right, 
about half normal size, with some opacity nf the lens, ’riie 
female, on the contrary, had the right eye al)normalIy enlarged 
(glaucomatous; and rotated backward, witli a cascous-lookiag 
lens. The left eye, although of api^roximatcly normal siz(\ 
had a cleft iris and a silvery look. A litter of five (blOA series^ 
was secured from mating 71111 and 71112 (fig. 1). One died 
before the condition of the eyes could be determinod. Fach 
the remaining four has both eyes defective. Female Fit) A 2, 
for example, has a marked rlistension and protrusion (bu])h- 
thalmia) f)f the left eyeball, which is also markedly r’olalcd 
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backward so much so, indeed, that only one side of the cornea 
is visible whoa the lids are forcibly drawn back at their upper, 
outer angle (fig. 0). It is an interesting fjict that the part of 

TABLE I 

I. I unnunizalion of fon.-U 

S'dJlMAL 

DATE-iyiO is;K<n:[) ^ialt per fowl 


l-'oljriKiry S 

0 

L) 

Ffljniiiry lo 

L) 

s 

I''(‘ijru:iry 22 

Li 

h 

March 1 

Li 

,s 

March la 

■) 

4 



I /. 'rr(<i(in(ni 


DATE or 

IRKSTiil- 

1 ATC'S 

D S 

Un^V. (n 

j vj I < ■ V 

\t VUFKS t,p 

PKE.V \NT 

Mr.IU'M 


K VliUiTfl 



March 17 

ua:. 

P 

4 0 


1^A2 

i:; 

4 P 


17 

l< 

4 11 


ILiAl 

1 2 

4 P 


I4A4 

p 

4 P 

Marcli la 

1 4A‘> 

II 

4 U 


lsA2 

i:. 

4 0 


17 

lA 

4 0 


1(1 VI 

n 

4 P 


14AI 

ii 

4 P 

March 21 

llAa 

i;; 

a.o 


IsVJ 

i: 

a p 


17 

17 

;i p 


ILiAl 

I Li 

;tp 


1(1 At 

n 

:i.o 

Marcli 2o 

ItA.'i 

17 

2 A 


1^A2 

21 

2 A 


17 

21 

2 A 


17A1 

2(1 

2 A 


ItAt 

17 

2 A 


2(1 

2.0 cc. subcutaneously 

20 

1 0 cc. intravenously 

lA 

10 cc. intravenously 

lA 

1 A cc. subcutaneously 

s 

3.0 cc. intraperitoneally 

nf mUnts 

REMARK? 


Mating, 

14.VA ; 

r X 

44 

Mat in^. 

1nA2 ; 

: X 

I6.V2 c' 

Matinp, 

17 . 

r X 

44 c" 

Matinc. 

l(iAl ^ 

i X 

10A2 y 

Mat!!-, 

14.\4 

» X 

10A2 y 


Xt>, ]o\ \ E\«rv 4 y.>\jn^ A]>ril B; 1 Iir.I 
l‘-ci! it dio'i M.iy 

11, No, IT o younj: April 5; 
oyos noriDril. No. 1SA2 nbortoil 
’) yoi:np April I ;uwi tlicJ April ‘.b 
Nos. 1 lAo :uui 1 lAl li;i\i no VkUing. 
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the ball exposed where the cornea should be noriually, has 
bulged outward and has lost its white appearance, becoming 
transparent and simulating a cornea. At first the eye was 
thought to be double. A female, 1)2 D, of the hlirect lens’ line 
(fig. 2), also similarly exhibits this double sighted appearance 
in each eye. The right eye of b^0A2, however, is reduced in 
size with incomplete iris and lens somewhat opa([ue. Female 
130AI^ (tig. 1) has her riglit eye much reduced in size, and her left 


TABLE 3 

7 . hfimuni^alion of fonia 


DATE — IftO 


REIVJE.TED 


VL MBEK OF 
rabbit LEN'sE.'S 
ISED 


NORMAL SALT 
SOLUTION 


DOHAfiE PER fvVk'l. 


JUQC 12 ; 2 ; 4 

June 14 2 I 4 

June 20 2 4 


12 ‘ J 

12 I 

12 1 u 


II. Trc<i(i»t'n( of niJihit 


IDEVTIH- 

PATE OF l ATKiV DAYS DOsE O 

IVJLi.rrdV VI'MBFRS OF I'RK'iVSS'T SEIO M 
U.IBBITS 


June 2S 

16. VI 

s 

Juno MO 

16. VI 

10 

July ,') 

16 A I 

1.5 

July 7 

16 A 1 

17 


A E \] A R K d 


l ive >’oiuiK horn July 21. 1 sixm 

ilieil; 2 h.iil very ilefcrtive eyes; 
2 li.ui iiornui! eyes. 16. VI ? was 
nKil(“d to .’lO ■, 


eye, although smaller than uoiTual. protrudes and has a hais 
bearing caseous-looking spt)ts. J^ach eye of the male ld0.\4 is 
slightly reduced in siz(' with incompleK^ iris and siK'cry look. 

V'arious matings were made among iiidivi<luals of the 71 A 
scries, some of which are sliown in tigure 1. Since the trans- 
mitted defects show no new features it is unnecessary to vv- 
view the individual cases. A photograj)h of the right eye of 
female 73A2 ffrom parentage 71 Ah hy 71A2)) is sliown in lig- 
iire 5. Each eye is rot ;t ted backward so far that only part of tlie 
cornea is visible. The lenses, as glim])sed from the side, a])])ear 
to be caseous or calcareous, d'ho parts of the sclerotic co.its 
exposed anteriorly are bulging and more or less transparent. 
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of^Al w.'iH r*iu l sn mu S(|ij:it('s i !i< 1 L(*;i ( »' initli’s; j irclcs, f('inaU'H; syttibol all lilaok, both 

cyoH (lofooiivo; ri^cht, h;i!f black, riRlit cv.' d. lVctivc; left fialf black, U'ft oyo (h'fcctivo ; unshaiUnl, prrsinnably normiil- 
oyial; d, dhal; r> , nf.rmal. Malrn IbALk .V) tmd 2 diiMa r t<*\v) wen' of tionoal UTitrraU'd stock, us wore females 11 ;iml 2*4. 
\T.'ile 02 OfMirtli row) was of jjorriia 1 u nt rea 1 ed stork, \sli i lo )<’t(i:do S I was iaj<'et (‘d d in'ct 1 j wit h puljUMl lens. 
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In general, a comparison of the pedigree of the 10A2 line (see 
left side of chart, tig. 1) with our earlier 3A1 strain (’20) shows 
that the conditions of inheritance are much the same, although 
more of the defective-eyed individuals had both eyes atTected. 

By way of controls, sisters of l()Al were mated to males 
16A2 and 50 respectively. Thus 10A3 was mated to male 
16A2 ^larch 11, 1919, and bore seven young (('U)A series) a 
month later, all normal-eyed. This mating was repeated in 
June and a second normal litter (CTGB series) of five was secured. 
Upon maturity further inbreeding was ])ra(*ticed. I’hiis female 
C1GA2 was mated to (T6A1, female (TtiAti to (AGAT, and fe- 
male (TGB3 to C1GB4: all of the resulting thirteen young were 
nonnal-eyed. Number 1GA4, another sister of IG.Vl, was 
mated to male 50 and bore eight young, all with normal eyes. 

Furthermore, the normal young (NUi series) of female ItiAl 
and 1GA2, secured before she had borne any defect ive-eye< I otl- 
spring, were interbred and every one of tiie eighteen resulting 
young had normal eyes. 

DIRECT INJECTION OF KENS INTO RABBITS 

Wlhle it is of interest to be able to break in on the germ through 
the u.^^e of a foreign serum, it is oln ious that the method is a 
highly artificial one which would iu)t take jilace under natural 
conditions. If serological influences are of any considerable 
importance in the production of germinal changes, they must be 
such a.s arise ordinarily in the animars own blood .^eruin. If 
its own tissues can on occasion give rise to active' sul)stances 
such as antibodies, then we may lia'/e a means, in its own body 
by whicfi germinal changes may be induced. Wdth this tlnmght 
in mind we began a serie.s of experinuaits in which pulped rabbit 
lens was injected itit ravenously directly into female rabbits 
just before or during pregnancy. 

In almost all cases the lenses iisetl were from young rabbits 
from one-fourth to tliree-fourths grown, because sucli lenses, 
when properly ground in a nu>rtar, can l)e .‘i!mt)st (aunplclcly 
dissolved or emulsified. According to J(‘ss and Heiss (Je.ss, ’29 h 
in their study of the chemical changes whi(*ii take place in cata- 
ract, ami ii-crystalliiie, both sr)lubl(’ in water, make up the 
grc'ater f)art f)f tlie lens of the young animal. 'I’lu'se gradually 
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decrease in quantity with age, accompanied by sclerosi.s — a 
process even more in evidence in cataract lenses. These in- 
\estigatois found from analyses of lens proteins separated from 
3,000 beef s eyes that tdbumoid, the water-insoluble constituent, 
is poor in valine and alanine, while tliese two amino-acids are 
present in considerable (tuantities in a- and d-crystalline. 

TARLE 3 

riATP ur 

I m; vTi Kn .\tUjn vcmbkr 


I.VJUTKj.V I'Cfl 

M'MBKKSOK rjF LKVSK^* j 

REMARKS 


RAbBlT.* 

I'.SED ! 


January 21 

M) ariJ 

-t 

SO had been bred 11 days, and Si 

January liJ 

M) :iii<| >^1 

0 i 

eiiiht days, at time of fir.?t injec- 

.Fanuary 20 

: M) and SL 

0 1 

tion. No young born. 

January 2S 

sO and si 

d 1 


January 30 

sO and SI 

0 1 


Fetjniary 2 

SO arul si 

4 


Feliriiary 7 

M 

4 

s4 hre<l to o’ 2.'j January 2s; 7 young 

F<0)ruary 0 


4 

liurn Fel.ruary 2S; one died: all 

l'\‘l)ruary 11 

si 

4 

liad iiftruial eyes. S4 bred to c’ 

Fcl>r\i,ary 20 

SJ 

4 

4A7, March 27; 0 young born April 
27: one had defeotivo riglit 

eye. 

FcFruary 20 

SO 

4 

sO fired February 11; no young. S.3 

Feljruary 23 

S(l and s:, 

i\ 

fired February 14 to o" 02; 7 yoiiTig 

Feliriiary 2') 

sO and s7> 

Oj 

Iturn with normal eyes. 

Fcliruary 27 

SO and sa 

4 


Mareh 1 

sO and Sa 

4 


March 3 

si, SO and 

s.'i 4 

si bred Felvruary 20: bore yo'ntg 

March 0 

si and s."i 

4 

Marcfi 20: 3 lived to open eyes; 

March ^ 

si 

4 

e']K'ning of eyes delayed several 

March lO 

si 

4 ! 

: 1 

days; eyes normal. 

Marcli 17i 

' so 

' -t i 

SO i:>red March .’c 7 >oung bortt 

Marcli 17 

SC) 

^ 1 

.\.prii 7) but all died l>cforo eyes 

March 10 

; SO 

. 1 1 

o]'e!ie il. 

Marcli 22 

1 

i \ 


March 2.'> 

j SO 

' 1 



In our ox]HM*iinonts. after inilpiuji; the lenses, suiiieiein nonnal 
.salt solution was aihltal to make a d('se of from 2 to 4 ee. for 
each rabbit inject tab bhe injections were made throusih the 
marginal vein of the ear. Tables d. 4. and 5. which illustrate 
re[)re.'^entative treatments, give siudi technical details as are 
ne(‘(\<sary for ,a complete understanding of the experiments. 
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Care was taken (except in the case of one male) to use rabbits 
which were not of the same strains as those employed in other 
experiments with lens. In all, eleven different females have 
been so treated, although since some of them were used on two 
or even three occasions, this represents twenty- three matings. 
In one series of experiments (table 4) the male, 62, as well as the 
females, was injected with the lens emulsion. As with other 


TARI.E 4 


Date or 

INJECTION — 

1920 j 

1 IDENTirir\TIOV VeMBERS i 

or RABBITS 1 

Nl'MBER 

OT LEN.'^E-'i 

I S ED 

HEUARK.'I 

May 5 | 

! so, 

SI, 

85, SO, 21A2, 62 

0 

02 waiS a male, the others 

May 13 1 

so, 

SI, 

85, SO, 21A2, 02 

s 

ft'inale.s 

May 20 | 

‘ 80, 

SI, 

85, SO. 2IA2, 02, S4 

10 


May 25 

so, 

SI. 

85. SO, 21A2, 02, S4 ; 

1-1 


May 2S : 

so, 

SI, 

85, SO, 2I A2. 02, S4 

14 

S5 l.red to o' 53 lU June 3 

June 0 

so. 

SI. 

S5. SO, 21A2. 02, 84 ' 

14 

21A2 hred t.. o' 0)2 June 10 

June 12 

so. 

SI. 

85. SO. 2IA2, 02, S4 

14 

hred to • 02 June IS 

June 19 

so. 

^I. 

s.), SO, 21A2, 02, S4 

10 

si hred tu ■’ 02 June 19 
sO hred to j' 02 June 21 

June 26 

so, 

SI. 

SO, 21 A2, 0.2, S4 

14 

s5 h"re 0 young July 4; eves 






imrmal 

July 3 

so, 

>^1. 

SO, 21 A2, 02, S4 

12 

Si l)ri'il tn ■' 0)2 July 10 

July 10 

so, 

SI, 

SO, 02, S4 

10 

21 A2 hore 4 y«»ung .)uly 11, 






eyi'S normal 

July 17 

so. 

S4 


4 

sO hnr<* 3 young July 20. 


ovivs normal 

sOl)orp 4 yoiin^ .July 2<), oyos 
normal 

' ; S4 Ixire 5 yoiitiK August 10; 

nnn dirH, '1 had normal 
(’Vt'S and 1 had markedly 
drmruv'i' ovos 

experiments in whicli heavy injections of foreign materials were 
introduced into the blood stream of females during pregnancy, 
there was a heavy mortality in the uterine young, consequently 
the number of young born fell considerably below normal ex- 
pectations. Of a total of 71 born, 17 died l)efore (>i)ening their 
eyes and were discarded. Of the remaining 54, two individuals, 
both of the same mother (84) though from different f.alhers, 
had defective eyes. 
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Since the details of representative matings and treatments 
are gi\en in the tiibles (3, 4, and 5}, it is unnecessary to discuss 
any of them in the text except that of female 84 which yielded 
the young with defective eyes. 

leniale 84 (tig. 2 } was the daughter of an albino doe which 
came in a shipment (rom Lafayette. Indiana. She was born 
about a week aftei- the shijjment arrived at the laboratory. 


TAia.E 5 


HAT r 

itJKVTIH; ATH/V 

\I MHKIl 


INJKi TION ■ r,C) 

•S ' \IHKIIS t)^ h AbJjlTf* 


remabks 

OrtdlMT 20 

S(l, ''1. S|, s,y y*, 

21 \2, Allil 

12 .jMHI \v;is 

feirj;ilos 

:i mule, the others 

Oft.-lM-r 27 

■SO, SI. M, '"O, 

21 A2, 

12 


NdvemiKT o 

"0. ''I. ''-t. s.v SO 

21 A2. VllU 

10 


XfOA'IljlnT 10 

''O. Si, y}, y;,, S<; 

1 21 A2 l.rrO 

1“ ■’ .'iMHl. N'-veiiiber 


21 \2, .'Mill 

IM. 21 \2 

'lic'i N ■■ >ve!!ll '('T 10 

NoV(‘iiil>(‘r 17 

M), xE s.'i, yo 

-1 ''1 I'Tt-.i l- 

> V .'1111. Xdverni.dr 17 


.'>01 11 

'*‘1 t-rri! O' 

MMMl. XdVciitl'Or 10 

\nvrTuln I 2 t 

Ml, si. ''.'i. m; 


V MMBE IX oAiibor 2; 

Dcffiiilicr 1 

'^0. 1 , t. sM. 

0 


IX'CfiitlM'r 0 

M>. s|. y.". ytl 

\ yl l.-r-' 2 

-i-r. 

>••’ 01 ^. Dereml-er 17 

1 'tin- >m:ie dny 

It'i 

''O, y}, '‘M 

0 vM 1, .>>•(■ M 

r vo 11’ ‘V 

y-iiiis:. DfcemlK-r 20; 

( )n January 2!k iq2tl, sln' 

was biM'd to male 

‘ 25. a bl.aek rabbit. 

On rebruarv 

■ 7. ;t, M. .nul 

2(t iM'spei't i\ ely > 

he w.is iiijt'ctcd in- 


tra'i'nously with pulp(Hl ral)bii lens, ]•e(*ei^•ing each time 2 ce. 
of a mixtun' of an emulsion nf four rabbit lenses in normal 
saline solution. Se\eii young wi're Ft'hruar\‘ 2S. of wliieh 
six li\e(l to o])(m tlu'ir eyes. All of them had norma! ('yes. 

Inasmuch as a stu'ies of experiments in the intHluctitui of 
spermatotoxiiis was in ])!’ogress at tliis time and (‘onsulerable 
quant it i('s of spermalo/oa w('r(' in demand. S4 was mated t(^ male 
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4A7 without gi^'ing thought in his juicestry. Most of tlie semen 
was drawn otY from the female and used in the spermatotoxiii 
experiments. As usual, however, enough spermatozoa Iiad 
remained in the female to produce normal fertilization, for slie 
bore six young April 27 (tig. 2), One of these, a male (92A). 
had an abnormal right eye. The question immediately arose 
as to whether the defect was the result of the injections of lens 
which the mother had received some one to two months earlier, 
or whether it was due to something introduced through the 
germplasm of the male. A glance at his pedigree showed the 



siirno as in figuri? 1. Ft'tiiaio s4 was injected directly with j)n!|H'd raM>it 

len-i. 

male to be of an earlier defect ive-ey(‘d strain, tlmugii he Inm- 
self had normal eyes. W’hile we ha\’e n«> record of a normab 
eyed individual of this strain yielding defect i\’e-ey(Ml young in 
the F, generation when (*rcjssed into a normal strain and a 
number of such crosses have been mado nevertheless. the 
experiment as regards this p.articular mating obviously has to 
be discarded as iiiconelusive. it sf'cms ])ossibIe, ln)we\’er, that 
the a])pearance of the anomaly may liave been the n*sult of an 
inherited tendency frcmi the male plus tfie .additional elTecIs ot 
the injected lens, the inlierite<l factors being insuffnacait in 
themselves to cause the appearance of the deb'ct. 
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However this may ho, there is no such uncertainty about the 
next litter wliich was fathered by a normal male, 02. of a different 
and normal-eyed strain 2). In this experiment both the 
male {02l and the female (S4) were injected intravenously with 
inilped lens, as recorded in ttdde 4. The male received such 
injections May 5, 17, 20. 25, 28. June 5. 12, 19, 20, and July 3 
and 10 respectively The female was similarly treated except 
her injections w(‘re not bcf^un until May 20 and she received a 
tinal injection July 17, 1920. The female. 84, was ])red to 02 
July 10. She bore five young August 10. of which one died 
before the condition of its eyes could be determined, three had 
nonmtl eyes and one, a male (92111), had markedly defective 
eyes, Roth ^yelxills were small, strongly rotated backward, 
and had cli alky-looking lenses. The corneas also were some- 
wliat clouded. As an adult these conditions j^ersisted, although 
the eye})alls soon l)egan to show indications of collapse. 

Mdtii these conspicuous defects in evidence in 92B1. we feel 
that we have secunal serologically a spetafie lens anomaly in a 
fetal young of a female treated directly witli lens material. Male 
92H1 dig. 2i was mated to his sister. 92112 and a lifter rtf six 
<T95A serit'si was born September b. 1921, of which lour died 
before the condition of the eyes could be determined, i'he 
remaining two were males, one of which had normal eyes. The 
other, 1()5A. has the iris of the left eye cleft aiul opaque spots 
in the kais on the right eye. 

Abofit two months after she had l)orne her 92B litter, female 
S4. without any further inje(’tion of lens materird. was bred to 
.1 male, 531H . of normal untreated stock. (July one young one, a 
normal-eyed male. 92(\ was iH>rn of this mating. Mdien this 
male becanc' sulliciently mature he bred back to his nunher, 84. 
and live >‘oung were liorn July t>, 1921. Four of these proved 
t(» be normal-eyed, but one. a female numbered 920. h.as both 
(wes mark(ally iha’ei-tive. K.ach has such a marked baekward 
rotation tlial \hv cornea is visiblt' only when tlie eyelids are 
dr.awn back at the oute r corner, in cacii eye the exposed sclera 
ill fiont has bulged ami l>ecome transparent, simulating a cornea. 
This aimmaly gives the rabbit die appearance of Inn ing a ilouble 
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eye on each side. The eye is so badly rotated that the condition 
of the lens could not be determined. 

It is an interesting fact that although female S4 received no 
injection of lens material after her treatment previous to the 
birth of the 92B series dig. 2), nevertheless when mated to a 
normal male ( oil HI) of normal stock she evidently transmitted 
something in an unexpressed condition to the young male (92('), 
for when this male mated back to her, the defect ive-eyet I 921) 
female just tlescribed was produced. Such a result inclines 
one to the view that tlie earlier injections of lens into 8-1 may 
have led to the formation of antibodies which had acted direct I v 
on the germ- cel Is of 84 herself, for she had received no injec- 
tions of lens since about three months before he^ mating with 
53H1. In addition to this thn^e-months inter\-al must be added 
the time (about six months! it took her son 92C to come tn 
sexual maturity. It is not impossible, howe\er, that (he de- 
fecti\e condition of 921) was due to the ])lacental transmission 
of antibodies. sinc(‘. according to the investigations mu press. 
Jour, of Int. Dis.) ut {)ur reseaiaJ) assistant, ( Icorge F. Forster, 
who made a special study of tliis ])oint for us, antilnKlies 'detect- 
able precipitins* may linger on in the blocul-stre.-nn of ral)bits 
for upward of a year t)r mor(\ Forster found. howe\'cr, that in 
the tourteen rabbits he studied, the peak of antibody jirodmaioii 
occurred between ten and eleven days aft(M* the last injedion of 
antigen. The antigen itself could l)e (huected in lln^ blood of 
the rabbits from seven tind one-half to nine and oiK'-h.alf days. 

As controls on llic matings of female S4, in additl^fii mat- 
ings ot her sisters 'S.a and 86 j to male.; 62 and ooHI, we have 
records of matings among her sibs, between her sibs and ht'r 
olTspring, and between her sil)s and their own f)lTspring. Al- 
though l)oth females So and 8t> were injected with pul])ed lens 
(tables o an<l 6) we got lu) eye defects in their oil spring, (*ven 
when bred to sons of 84. 1 hus, temale So (sister of 84 1 was 

bred to male 62 February IJ, 1!)2I), and l>ore seven normal-eyed 
young; mated to 68H1 she bore six normaUtwed young; m.ated 
again to 62 she Ixire seveai normal-fwed young; and finally, a 
mating between her and 92(\ son of femah’ 84, yielded a litter of 
six young with normal eyes. Likewise, female 86 (also a sister 



INHE]UTA\('E OK EVE DEFECTS INDUCED IX RABBITS 461 


of 84) nuited to (>2 b{jre three* normal youn^ in July, 1920;mated to 
53B1 b(jre five youuK (104 a series) with normal eyes, December 
20, 1920, seven months later, by her own son Q04A) she bore live 
normal-eyed young, and shortly after, by this same son she had 
a single young one with normal eyes; bred to 92 (son of 84), she 
bore seven normal-eyed young, October 20. 1921 : and four months 
later by her brother, male S3, she had a litter of five, all normal- 
eyed. If tliere hati been re^essi^’e eye defects in the strain to 
which female 84 l)el(jnged such inbreeding of close relatives should 
have brought them to light, but not a single defective-eyed 
individual occurred among these controls. 

This new line, secured by injecting lens directly into the 
pregnant female, has als(j been crossed into a combination of 
the two older lines- the 3.\1 and the 16A1 which were ob- 

tained by the us(* of fowl serum immunized against raljbit lens. 
The result of tliis interbreeding is sliown at the right side of the 
chart in figure 1. .V defective-evaal male. 71 A3. f)f the 16A1 
line, was matc'd to a n<naua]-(*yc(l female. 91 A5. the father of 
which was of normal stock, the mother, from the 8A1 line. The 
def(M'ii\e-eyed tlaugiiter. ‘JSHl. of tlie r(*suhing litter was then 
i)red to the defect i\e-eyed son. !>21U. of the ‘dir{*ct lens female 
S-t) line. livaaA' nne of the resulting live young A21A series, 
has both (*y(*s deftH‘ti\'(‘. 


.M vi.K i.iNi: i:\ti;a( TlnXS 

Although ill our tirst study '2(9 we showeii througli sever.d 
liretalings of d(*f(*eti\a'-ey(‘(l males to normal females of unrelated 
strains tliat the defect c.an be transmitted through males to 12 
and suh.sequenl genet at ions, and that it is tlieroforo truly in- 
lu'riteil and necrely .a matter of jilareiital transmission of 
antibodies or kindred substances, it seemed desirable to test 
this by still further matings, 'bhe charts shown in figures 3 
and 4 give additional C(nToborati\e e\idence of the actual he- 
reilitary nature of the anomalies. MaleJAl wit li defective left 
eye was mated to female 17 of a normal unrelated stock dig. 3). 
The t*ight young (2(i.\ series) horn of this mating all had normal 
eyes. As soon as slie Iteeame of breeding age. female 26 A 7 
was mated to lu*r defective-eyed father, 3A1, and of the four 
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resulting young, one male, 32B, had a dol'eetive left eye. Fe- 
male 26A6, mated to 2SA4, a male with both eyes markedly 
defecti\e. bore four young, of whieli two females, 46AI and 
46A2, each had a defective left eye. One of these females, 
46A1, was next mated to the male 32B with defective left eye. 
The resulting litter of nine (tig. 3; 61 A series) contained one male, 
61A1, with both eyes defective, two females, ()IA2 and 61A3, 
with both eyes defective, two other males and three other fe- 
males with normal eyes, and one which died shortly after birth 
before the condition of the eyes could be determined. 


■I- ‘i 

I 



I'lg. .i I nlu't it:inrr of 1 hr <lrh“(’Ts jhnm^h rlir ni;ti** Imr. Ii is phiiii tloC 
iri(liviUualj< of tiie U\\, anrl tUA s(>ries could have drriv*-d ih^ir drfrrts .oils 

through male arict-stry, since frrnalc 17 was of ncunial and uiirrlafnl -fork. S\ tii- 
bols same as in figure 1. 

d’ho chjtrt shown in figure 4 is even more intia'csting in that 
a defect frf)m w male, 3A1, lias been 1 ransferred into tWf> flit- 
ferent normal strains, and after having remaiiual unexpressnl 
through two generations has been brouglit to view again in the 
great granddescerulants by breeding together indivi<luals i6{).\2 
and lUAd) of the respective strains. Incidentally the m.atings 
shown in this chart also answer the (jiiestion as to whethei' only 
albino rabbits exhibit tfie defects. All of ibe rabbits ust-d in 
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the original FXperiiiioiits uam’o alljinos but pignientalioii h(is 
been introduced into the stock by means ol a black mide, num- 
ber 2o, tiKure 4. Female 07A1 4). a jrramldaujrhter of this 

male was not fUily pigmented f bl,ack-and-white ])attern) but 
showed the extractcal defect in the left eye in the form of cleft 
iris, slij^litly <jj)aque lens, and sihery hue. Male b7A2. like- 
wise pijJtmejited, shtjwed defects in each eye similai' to those in 
the left eye of the hanale. The dautthter r)f this pair. 12()A. 
bears a corresponding black-and-white color pattern and ha.s a 
left eye somewhat reduced in size with silveiy look and slightly 
upatiue lens. 


I 



cy i : 

r 1 „ 

I’lH. 1 Inhf‘ril;iii('(‘ t.f tlu> dramas throuph tho m.ile litio. SymF.^ls in 

lipuro 1. Induadiial." 11. 1. :nid Ji! wrrr <i} nunniil. untrc.itt'd sti'ck. iionro tho 
dofert.s .si'cii III i!u' 1^7A :in.J l-OA staiis onild only Inivo dorivod front tlic 
MlUin.i tn:\l(\ a Al. INpinent at ion \N:i> inlnwlinH'd into tlio >’o<k tlironph nnile 'Jo 
'Flu' dofina i\ iM'vrd VTAl and .V2 ;in' pipnimtod. 

DlSd-SSPiX AND (AtXrl.rsiOXS 

We feel that in esiablishing and devehq^ing from unrelated 
stocks two more (haVetive-eyed strains of raltbits the one 
MbAl line"^ by llu^ use of fowl serum immunized to rabbit lens, 
the other <S4 lim^i by direct injection iM* rabbit lens into a preg- 



464 


M. F. OUYER AXD E. A. SMITH 


nant rabbit “-we have placed our results beyond the bounds of 
coincidence or chance. If tlicy are still not sufficiently ta>n- 
vinciiis we can also cite the case of lens defects secured in the 
young of guinea-pigs by injection of rabbit lens into pregnant 
females, although we arc not yet ready to report on this series of 
experiments. 

Tlie suggestion has been made to us that perha])s by inbreed- 
ing we have merely uncovered a recessive defect already present 
in the stock. In reply to this, as regards our first defective- 
eyed line (designated as the 8A1 line), we can only say that 
other litters from the same parents (female I and male 2) wen* 
secured iind none of them nor their desf‘endants, altliough i)red 
as brother and sister matings, have slnjwu the ilefects. For 
example, from matings of female iIH2 [daughter of female 1. 
by male 2) by her brother, tweU'e young ((’4A and 

series) were secured, all normal eyed: and from brother and 
sister matings of the latter, of the thirty yoimg .seiaired not one 
had defective eyes. If the defect were one originally in llie 
strain it is strange that it did not reveal itself in these (N)llateral 
inbred lines. Moreover, even when ^lAl, the first defedive- 
eyed male securetl. was bred l>ack to his mother, tlie five result- 
ing young were normal-eyed. 

Hut even supposing that the improh.ablo happened th.at 
for our experiments, by chance, we just liappened to hit upon 
an individual which was carrying a recessive ey<' defect laanly to 
be re\’eale<l in her descendants after treatment with serum 
immunized against rabbit lens, is it [)robal)h^ that the saiiu' 
defect would alsf) ha]i])(*n by chance in our unrelated BiAl 
line, and dcjes this theory of chaiu’e not l)ee(nue wholly unleiiahlr 
when w(‘ altem])t in carry it over still ,a third umel.ated lim‘ 
bS4 linej'.’ Attention, however, should perhaps he calhai (n 
one fact. The thr(>e liiu's in (luestion were all alljinos. It is 
possible that tlu^ eyes of albinos are mon* easily alT(*(‘ted tli.in 
those of pigmented rabbits. How(‘ver this may be, our rec- 
ords show tliat the defect can easily be cnissed into ]ugmente(i 
stock, (jnce it has been engendered (see fig. 4 in which tlTAl 
and b7A2 are pigmented rabbits). A further investigation of 
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this point is boins uruiortakon })y (jne onr assooiates, working 
witli podigrcod linos oi Now Zealand Reds. 

Pei'haps the most interesting fact brought to liglit in the 
present study is possi})ility (jf diret/tly or indirectly inducing 
germinal changes iyv means of antibodies engendered in an ani- 
mal’s own body against tissue taken from other individuals of 
its own species. Sucli a result, together with those obtained 
by the senior author ((uiyer, '22 a) in the production of anti- 
bodies against an individual's own spermatozoa, lend support 
to the id(\i tliat an animal can build antibodies against its own 
tissties wlien these are mis]>]aeed. altered, or injured in some 
way, and that such antibodies may induce germinal changes. 
Since this point has l)ecn discussed in two recent papers (luyer, 
'22 )>, '22(0 it need not be entered into here. 

As to tile g(*iieral nature of the eye defects, as seen in the 
living animals, little additional information over tliat given in 
our earlier ('20) study is forthcoming. The one outstanding 
defect that is nearly always present, n<^ matter what the other 
anomalies may be, is some degree of opacity of the lens. But 
this is not invariable, as we have louiul a tew instances in which 
the lens remains aii])arcntly clear although the rabbit may 
have otlier al)m»rmalilies in the eye. It should be stated, how- 
ever, that we have recorded lenses or eyes a,s normal or abnormal 
on the basis of what our mere unaided macroscopic examination 
of the eyes revealed, d'wo experienced ojihthalmologists. Doctors 
Davis and XetT. who are now making a careful and detailed 
examin.ation of some of our nnaterial by means of the ophthal- 
mosco]ie and by dissections, have pointed out that the lenses 
of some of our rabbits recorded as normal are really in some de- 
gree defective. This dis(*repancy may be due to an oversight 
oil our part because of our less thorough examination of the 
eyes or to the fact that in our strains of treated stock a lens 
which a]>pears normal in early life may )'>ocome more or less 
cataractous later. We liave knowledge ot several cases in 
wliich the latter has liapjiened, also mie or two in which a lens, 
previously somewhat opaipie, has cleared up. When, as pointed 
out in (Uir earlier paper ( 2(b. we take into account the method 
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of embryonic development of the eye, it is not unreasomible to 
infer that at least most of the other defects — reduced size, cleft 
iris, displaced lens, persistent hyaloid artery, etc.-'-are prol)ably 
attributable to defects in the early lens. Ophthalmoiosists 
such as Dr. Lucien Howe of IhitTalo, New York, and Doctors 
Davis ami Neft‘ of Madison, Wiscon.sin, who have studied the 
eyes in a number of our rabbits, tell us that the bluish or silvery 
appearance so common in many of the defective eyes is due to 
detachment of the retina instead of the milkine.'^s of the lens, as 
we had originally supposed. 

The following excer])ts from our notebook show the c<»ndi- 
tions of the eyes in representative indi\i duals of our defective- 
eyed stock as disclosed by autopsies perfonned by H. M. Smith: 

‘SW. Male, killed 1 21-22. Hi^Iit eye; apparently normal al- 
though layom of retina wore indistinct. Left eve: Ien.s (‘onipharly 
calcified and much tnissha])en; vitiaMJiis cavity filled with inas< nf 
opaque tissue. 

41)1. Male, killtMl :L 24 22. both oy(‘s apparently normal in life: 
autopsy showed eyes almost mirmal. although tlic layers of ilw* retina 
were indistinct and tlie cornea irrf'gnlar in thickness and somewliaf 
wrinkled. 

t)Al. Male, killeii :i-2.’> 22. High! eye: eolohonm; lens, large and 
spherical; c'onjimeliva titickeiuMl; cornea irregular threkiH'ss; retina 
a di.sorganized mass of cfdls. mostly thin, hut assoeiatial with :i ltH)se 
ma.ss of connective tissue hack j)f lens. Jadt eye: hms rolknl h:irk- 
ward in region of coloboina witli an angular spur of tin* hms tilting 
into a iK>cket in tlu^ schaa; no r(‘tina and doubtful (dioroid in front 
of ])Ocket ; large mass of (‘onnective tissue l)aek of lens, associated with 
disorganized retina: dorsal ly. retina fia.s fairly typical structure. 

(>A3. Female, killed 6-11 22. Light eye: coh>}M>ina: small bulge 
near optic ncrvtv lens large and round; r(aina fairly typical dnr>:dly, 
but di.sorganized posterif)rly and al>sent vent rally. Left eye: normal 
except that cornea is irregular and retina shows some signs of di’gen- 
eration. 

10D2. Femal(\, died. Head in formalin sevei-al weeks, <mueh'aied 
.'1 14 22. Higlit eye: (’oloboma; large posterior staphyloma; lens 
large ami round; deep antfTior: cavity; lens rolled l)ack in region of 
coloboina; cornea white and tliick, with many nuclei: rclin;d tissue 
almost unrccogtuzable, altsc'ut vent rally; posterior [lortion of vitre-ous 
cavity filled with mass of connective and disorganized r<‘tinal tissues; 
hms lacks clear-cut stiiieturc td normal lens, l.eft eye; coloboina: 
eyeball wdtli large [Hjsterior bulge; vitreous cavity filhal with mass ol 
tissue; lens large and round; (ornea thick: sclera very thin at bulge; 
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posterior poiTi(>n of OhII a heavy not work of coiiiieetivo tissue* retina 
scareely rta-ognizablo and hn'kint!; rally. ^ 

28( 1 . I*(‘inal(‘, kilh‘<l 0 1 2 . 2 . Both eye.'^ iiiic]f}phthahnie: corneas, 

and probably lenses, oj)a{pi(‘: not y(‘t sectioned. 

281)2. Ff'iiiale, kilhal 0 1 22. Both eyes appanuitlv normal; not 
yet sectioned. 

4SA. Feniah‘, killral ;} 22 22. Ki^rht (.yce eoloboioa and postero- 
vontral buljiic'; cornea nearly normal, sclera very' thin vent rally; retina 
practically si met nreh'ss and al^seiil \’entr.ally. Left eye: coloboina 
and a i)ost(‘roventral buijrra 

o7A4. Male, kilh^d 8 14 22. Both f*yes m^arly noiinal: corneas 
rrniKh; smne evidraice of retinal d(‘ticneratior] : lenses ap})ar(mTlv normal. 

71 H2. I'cmahn died ti 2-22; r-ves fixed 4 hour'^ later. Kiirht eye; 
inicroplitlialinia: lens oparpic. round, rou^h in iuitline, structureless, 
ami fills entire cavity; r>ptie nerve pjominent and surroumk^d Ijv heavv 
cellular slaaith; its fibers spread slightly and disappear in mass- of 
connectiv(‘ and disoiarani/CMl retinal ti.-sues which olilitemtes vitreous 
cavity; cornea thick, narrow, luaivily nucleated: uis with no jmpil; 
anterior chainbra* small. Lett eye; (M»iobf)ma: bultre. involving optic 
nerve; ball smaller tlian normal; h iis lajund, indented on one side, sur- 
rounded liy a mass of c(>niiective tissue; lanuea thick: optic nerve as 
in rittht : its libers sjjiaaid out somewhat but lia\e no cnun(‘ction with 
retina, which (iccurs as a rather structureless mas:« continuous with 
mass of counectivt' tissue noted abnvic 

!)2A. Male, killed S 4 22. Ki^dit ey(’: inicrophllialinia: lens di^^- 
placed, small, caleilied: hall vmy small ami (^avities alino'*! ohliter.aU-d. 
L<'ft eye; normal size ami ^hape. Lid" wert' iiulanu'd and iinedilo in 
cIos(‘. ('ornea eovetM^d hy dried exudate. Not sectioned. 

112 Bl. Male, killed h 21 22. Kach eye: microphthalmia: very 
much distort'd: lids ami conjunctiva infe< ted: cornea small and opaque. 

!17.\L l’Vmal(‘. killed II 8 22. Pimneiited rabbit. Lyes not yet 

seetioned. Bi^ht eye: a|)pareiilly normal. Loft eye; coloboma in- 

voiviti^i optie ner.ve. 

117 .V2. Mah\ kilkal 11 22. Biumente<l rabbit. Kyes not yet 

siM’tifUHal. Hiitlit eyjo eolnbt>ma involving region of ojitic nerve: 

^lil;ht biililinj; of optic neive. Left eye; coloboma appaiamtly con- 
lined to iris; schua thickfUicd ahmix Vtuitr.al ."ide. 

!1S.\2. Femah', killed II 2 22. liach eye appaiamtly normal: not 

yet << 0 ( 4 ion(al. 

I2L\L Male, died 4 21 22. Bi^ht t'y<': colol^oma: po>icroventral 
bulge of eyeball; lens largi' and round : oonie.i normal: lens with seceunl- 
ary posttu'ior gnoNth region: la'tina and bulging area as in left e\(Hq>t 
that bulg(> is more strietly eontitied to sclera: in the regiiui of the eol^v 
boma l)oth nuina and choroid are missing. Left eye; coloboma: 
cornea rough; kms largm elongated in antero-pi^steriov axis with second- 
ary growth region on anterior surface: lauina lUMinal in plaet's but for 
the most part indistim*! ami associated witlt eonmauivi' tissue masst's 
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in vitreous cavity; a large posterior bulge forms a separate cavity the 
walls of which contain scleral choroid, and possibly some nervous tissue. 

Xewhoni voung of 97 A I Female, and 97A2 Male, killed bv mother 
5-31-22. 

(a) Pigmented, Kves apparently normal. 

(b) Pigmented. Coloboma in eacli eye, involving optic nerve; 
each rather atrophic (0.5 mm. width — imrmal S to 9 mm.). 

(c) White. Lenses calcified; eyes otherwise apparently normal. 

(d) Pigmented. One eye apparently normal, other as in lb). 

(e) Pigmented. Eyes apparently normal. 

Newborn young of 121. \2 Female, and 71 Bl Male, all white; died, 
fi.\ed within few hours 12-13 22. 

(a) Each eye small and with coloboma; right sclera bulged an<l 
somewhat thickened posteriorly. 

(b) Each apparently normal. 

(c) Right eye; cornea somewluit oi)a(iue, no apparent coloboma, 
but pupil moved dorsally in eom[)ensation for a luige ventral staphy- 
loma; by squeezing ball, position of iris can bo changed, suggesting that 
iris is not attached to sclera; just behind conjunctiva a smaller staphy- 
loma extends from dorsal to ventral side of liall. 

Left eye: opaque band apparently acros.s lens, dividing pupil into 
two clear areas; eye otherwise appeal's normal. 

(d) Right eye; ball filled with blood so that strinaure is obscured; 
cut in enucleation, revealing a vitreous cavity filled with membrane 
and no distinguishable lens. 

Left eye; dorsoventrally slit-.shaped puj)il; ball small; ]3ossil)ly colo- 
boma. 

(e) Right eye: may lie normal l)ut looks somewhat opacpie. Left 
eye; white band iis in left eye of (c); definite opaipie spot on dorsal 
portion of cornea; eye small. 

Young of I30.\3 Female, and 71 Bl Male; more than half grown. 
Died 12-13-22, frozen over night, fixed next morning. Right bail 
firmly attached in socket by connective ti.s.sue; cololioma; huge ventral 
staphyloma; multiple, involving entire ventral and posterior portions 
of bail. Loft eye: microphthalmia; ver>' small, surrounded by large 
mass of connective tissue; cornea opa(pie. 

Remarks 

1. Detached retina cannot be diagnosed in these preparations be- 
cause normal retinas are frerpiently detacho<l in jirocess of preparation. 

2. Defective eyes are histologically decidedly structureless when 
compared with normal eyes. This condition extends to all tlie tissues 
involved, but apparently less to choroid than others. 

.3. Defective leases not infr(;quontly tend to be rounded and larger 
than normal. 

The following excerpts record some additional histological 
details of yet other defective-eyed individuals as reported hy 
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Helen 1C. McDonald from studios made on eyes which had been 
sectioned in paraffin or celloidin : 

6A4. Rii'ht eye normal, f.cft (‘Vf*: small riparpic: laaina nodular, 
with indistiiwt layers, and lackinir in soiru* ])la{:(-:^; outer molecular 
layer, when recoi^riizable. is of varying: thiekne<s. 

lIlAd. Hi^ht eye: \-erv small, l^ais irrannlar. filling; almost the 

cavity and practifallv ohlii crating the vitreou< boily: retina 
nodular, not arran^jjed in layers; choroid much r('(liic(sh }j-ft eye; 
of normal siz(‘ and ai>pearance, \i('W(‘(i extfuaially; n-tina ijidistiiiet 
with lay(‘rs fused. 

dd.Vo. Ibfilit ey(': imrnial'.^ Left ey(‘; cohihoma: <>|)arpie lens: 

mi(’n>plithalmie: retina not oifrarn/crl into lavcis; sections into the 
optic nerv(‘ show no retina cfinncrtcd with it. 

4<A. i'.yes apparently noiinal although morr^ eoii('> tlian ntds 
were found in tlu* n'tina; the noiiual ratio is three rod*^ to one cone. 

71 Ad, Kiftht eye: retina show'^ a iiodiilar tapCT nuclear lavt^r; 

no layer of rods ami com-s. in plac'es. laud f*ye: markedly small; 

markiai stapliyloma: retina as\iimii'iiiral with no definite* layers. 

71 Ah. Hittht eye: no discovi iahle rtuina. Left eye presiimalily 

m>rmal. 

tH Ad. Kyes ai^imrently rnnanal as serai fr»nn without. Pd<:hT eye: 
retina tiodvilar with conver^inii: outer and inner nuclear lavers. Left 
(*ye: some no<lul(*s in retina, with mds and conc' iiiis^intr in places. 

dHl. Ki^ht i‘y(*: in'Klular lauina with rods an<i coih'S missing in 
phu'es. Left (\ve: oitarpun sunken: ^mall: marked proliferation <A 
sclerotic ti.'^sue; no it‘tin:i. 

2SlL Hijrhl <*ye: smaller than tiormal; seems lu'iinal as rt'ttards 
n-tina and sclera. Lett eye: st:ipliy|oma : rods atul cones missinjr in 
idaces; outm' mnL'ar layer is of varyiiiL" thickm:‘ss. 

/b ui iri:s 

1. riu' a\eraire thiekmss of the retina in tlu* eyes oi the defective- 
eyi'd individuals studii'd w.as le.^s than the a\'e!‘a,Lte thickness d).ld mm.' 
of thi* retina in normal-i'ved rahhiis. A similar thiimiiijr of the choroid 
was ohsia valL', 

1^, \\ ith decr(';is(* in -ize of tlu* (*ye. tlie ]<'ns diminishes relatively les.< 
in ]>n‘port ion, heiua* it may latyrely olditt'rate tlu* vitreous body and 
occupy its place, 

a. i he prest'iiec (>f an ojitio ner\‘e in connection with ^‘^■en the nuwt 
tir'fcctivi' eyes lea.ds to the inference that tho<c e\es which have no 
rt‘timi display deii(*ncraf ion rather tlian ati inhibition (»l development, 
since the o]>tic nerve is lornu'd iiy the growth (>t tibers from the retina 
inward toward the brain almi^ the path ot the o]>tic stalk. 

The possibility that we have de\ eloped antibodies aiiainst 
other eye*tissnes as well as ajiainst the lens should not bein'er- 
looked. Xo sjuu'ial pte^nui lions were taken to secure purely 



470 


M. F. Gl YKR AND E. A. SMITH 


lens-tissue when we removed the lenses for use in the orij^inal 
injeetions. Doubtless traces of both a^iueous and \atreous 
humor were ])resent in the final emulsion usetl for injection. 
And if proteins from other parts of the eye, as someone has su^- 
jested, are e\’er in solution or susj)ension in these humors, they 
too were present in the oripnal antigen. Another })ossibility 
also exists. Eyes rendered defective primarily as the result of hais 
anomaly may secondarily have de\-eIoped antibodies against 
their own tissues, when the latter have been forced into al)- 
normal conditions. It is a noteworthy fact that later genera- 
tions of the defect l^■e lines are characterized by more marked 
degeneration of the eyes. 

As to the genetics of the defects, we have little to add to our 
earlier (’20) study. In general the defective-eyed condition 
liehaves after the manner of a mendelian recessi^'e, although 
we have never been able to isolate a pure defective-eyed stiain 
which will not throw some normal-eyed olTspring. We hav(‘ 
come near to it, however, in some of our later matings, and it 
may be that individuals of the 121 A and H series, or the 120 A 
series (fig. 1) will give us such a result. 

It is pi>ssible, indeed i>robai)le, judging from the dilTerent 
kinds of defects that may appear, that W(‘ are dealing witfi a 
number of unit factors, although as ])()inted (Uit it is not im- 
possible that all others are initiated f)y an early defetuive con- 
dition of the lens. 

The question of the specificity of the lens r(*acli(ms in our cx- 
])eriments is still before us. As pointerl out in our earlier study 
!’20} knowing how susceptible in I'arly embryogeny the eye 
is to any kind of deleterious influem'e, the geiuM'al inclination ot 
an embryologist, is to regard the result as due to a general 
j>oisonous or inhibit ive cITect rather than to s])ecilic antilxxlies 
in the blood serum. We can only say that we ha^'e never ob- 
tained the defects in (piestion except with serum (‘arrying sj)c- 
cific antibodies. Since the exj>eriments described in our Ib2b 
paper were performed, we, together with others in our la bora (mw, 
have been doing many exi)eriments in whicli shortly befon* or 
during pregnancy ffunale ralibits have been injected with typhoi<l 
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fo\'or vaccines (ir living typluad ^enns. or with various kiiKls 
of foreign siaaiiii (U* sei-uin iiiununizcKl against proteins other 
than lens, and in not a single one of nioie thsin five httndred 
young horn after such treatments has there !>een a case of eye 
defect. Ihit even should the defect have originally bwn a 
general rather than a sjjecihc' one. it is ohvitius that the ger- 
jninal condition soon<‘r or latei' must lia\-e become specific since 
the anomaly reappiairs giaieration after generation witliout any 
recognizable accompanying malformations of other ])arts of 
the bod>'. In our opinion. liowe\er, it is not impossible, or 
iin])robable, tliat a fetal defect (mgendered in the eve or else- 
where by even general means miglit lead to the development of 
antibcalies which could attack the germinal eoi’reiatives of tlie 
somatic part aiT(H‘(ed, and therei)y inaugurate a specific ger- 
minal change. 

On the ])oint of phnaaital piaa^ration by antibodies, we have 
more e\idence than was torthcoming at the time of publication 
of f)ur earlifT ])a|>cr. Notwithstanding neg.ative results, 

particularly on tin* ])ig and tlie kid. re|)orted by several investi- 
gators recently ■ Reymaiin. 2ili we are (‘onvineed that in rabbits, 
at least, antibodios penetrate t)ie jilacenta. It is possible that 
the placenl.ae of swim' and ruminants, which are of tlie diffuse 
and the cotyledtuiary t>'pes respect i\’ely. dilYer in penetrability 
from the more intimate discoidal tyj)e possessed l>y the ral>bit. 
Howe\er this may l)e, we feel sure of tlie conditions winch 
exist in the rabbit. have ('specially test(^d the matter as 

regaials inaMapit ins and .agglutinins. 

For th(' ]uaaapitin lest ]>regnani rabbits were intraveninisly 
injected \silh sluM'])-seniin, 'I'he rabbits were killed after a 
prt'gnancv of twtmtV'hxc d.ays and the young were removed 
with tin' greatest care. ('a('h still surrounded by its amnioiie 
fitiid. Fach b'tu^ was washed iwict' in luM'inal s.aline \o prevent 
any ])ossilMlity of contamination by the mother's blinnl. In 
all, se\(Mi pregnant rabbits wt're so tested, and in every case the 
precipitins weia' found in the Idood of the fetuses. The experi- 
ments !ire given in di'tail in a p.aper in press. 

THr "|- I KIM ISTM Y <M .iS . 4 
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In testing for placental penetration of agglutinins, five preg> 
nant rabbits inimunizetl to the bacillus of typhoid fever were 
used. The mothers and the fetuses were tested by the usual 
Widal reaction, and each gave positive reactions. Since the 
details are given at some length together with tabulations of 
the separate experiments in the paper mentioned in the preccai- 
ing paragraph, they need not be repeated here. 

The question has been raised occasionally by serologisis 
as to whether our original modifications were cytolytic in nature 
or whether they should be attributed to some (»ther type of 
serological reaction. In this connection we sin mid like to call 
attention to t)ur concluding nanarks in our sec'ond paper ('20!: 

. still less are we inclined to undertake any cate- 
gorical exposition of the serological detail. Wv mv more in- 
terestetl in prescaiting the facts that our ex])eriments reveal/* 
In our first paper !*1S) we gave some reasons for iH'lieving that 
the results indicated a true cytolyti(‘ elTect. although we also 
pointed out the j)ossibiiity tliat the clouding and op.aquing so 
frequently observed in the lenses might be the result of a pre- 
cipitin. From the ctireful research(‘s of Hi'ktocn i’lS' fowl 
serum has l)een shown to he j)arti(“ularly good for the prodin*- 
tion of precipitijis. On the other liand. although in its natural 
state it is somewhat eytol>'ti^’ 1<>^‘ rabbit coipusclcs. in vitm 
at least. IjjwI serum is for some unknown reason inferior lor the 
production of the type ot cytolysins known as hemolysins, i hi< 
fact which we ourselves, learned fairly early in onr work lias 
been ])ointed ont by several workers, among them 'rakenouchi 
elh) and Ilydr* ■’22). Hut it does leit necessarily follow that 
fowl senim is efjually [)oor for the formation of other cytolysins. 

In the fa(‘e of all the facts the liqiicfact ions that somcliint'- 
arc found, the nMiuctions in size of the eye h.all. tin' fr(’(|ncnt 
resorptions which oieair we are still imhined to l>(4ie\(‘ that 
tfie elTect is jiartially if not largely cytolytic in nature. Sinee 
it ean he indmeel apparently hy antibodies devi'lopiel througli 
treating the pregnant mother direct ly with hais. tin' ((last ion 
of whether the fowl is or is not a good jiroducer of cytolysiis 
be(M)mes, from our jioint of \’i<'w, a fact of secondary import.ancc. 
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usod it in our o:ulif‘r experiments in A beeause ;iny superior 
merit we found in it, but siiiiply IxM-ause it 'workerl.' 

A fpiestion that fms fr(‘queni!v been ask(‘d us is whether our 
work does not hamarekisni. We have made no such 

elaiim are mjt partieulaily interest ed in establishing or 

dis(‘stabl;s}iin^ any ism. ljut aii* (ajiicerned mainly in seeing 
what f:iets we (*an dis('o\a‘r in the fi(‘ld of our researches. We 
feel that our expcaimeiits lia\'e shown that the ^eiininal con- 
stitution can ])robabiy be aloaed l)y immunolo^i(”il inlhiences. 
and ha\'f‘ tiiven our reasons for beliroin^ it not ait untenable 
hypotlus'^is that ehan^es in an indi \ idiial s tissues tniirlit enj^ender 
such in^iuenc(^<. In sevtaal pa])ei‘s of moie Lmneial nature than 
(»ur t(M*hnical studies, tlu' sraiior autlmr t iuyer. '21. '22 a. '22 b. 
'22 c. '22 d' has expande<l ipaci tliis tlnaiie, always, liowover. 
with th(‘ explicit statement th.at his lemark^ are to be re^.arded 
as intrM'osiin^ possibilities or working h>'potheses rather tlian a 
re(‘ord of established faets. 

Sl'MMAin 

l)i‘taiU are ^i\‘eTi roiu'ri'inmr the pt'odiicti'ai and inht'riiaiice 
of eye deferts in two dilhM'ent strains of raltbn-. In one -train 
the aiioinalit's wore indmaal in llit‘ feta.l yoiin^ l>y inject i mi; into 
the mother a foiaann snaim imnnmi/aal to ralihit K-ns: in the 
itther sti'ain -imilar den-ct- wei‘e secured in the unb<u'ii yotnt^ 
by direct InircTion of piiljted lens into the ]ire^nant motiier. 
Pialij^ree charts of i\'])ieal matiims aia‘ imhiidtal and discussed. 
Mor(‘ detailed dt'scriju ions of tiu' \:nious (we anomalies than 
thos(‘ }i;i\(*n ill our {auher ]iap(M' arc ]U’ovided. Heastins are 
a<i\'auccd tor l)(‘iic\in^ the modifications to be a specific im- 
munologic (dtei'l. and additional charts and desiaapt ions o! male 
line extractions showing tliat tIu' liercditary nature of the de- 
fects is unquestionalth'. art* piescnted. 1 hat iierminal consti- 
tution can bi' altered by iminunoloLsic inlluences. the experi- 
menters b(‘lie\'e is tlu’ best workinji; hypothesis to account tor 
their ri'sults as they stand at present. 
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